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Abstract
The Derivation of a Valence Forcefield for Carbohydrates
A new forcefield has been developed for modelling the conformational and dynamic 
behaviour of carbohydrates. The anomeric and gauche effects (present in com­
pounds containing geminally and vicinally di-substituted electronegative atoms) are 
important in determining the conformations of carbohydrate molecules and these are 
accounted for in the new forcefield. In particular, the anomeric effect is represented 
in the forcefield function by a new bond-torsion cross term. This is demonstrated to 
reproduce both the relative energies as well as the changes in bond lengths exhibited 
by the various rotameric forms of compounds containing an anomeric centre.
The forcefield parameters have been systematically fitted to the experimental 
data of a large range of model compounds consisting of hydrocarbons, ethers, ace- 
tals and alcohols that contain the structural features found in carbohydrate molecules.
The database of observables used in deriving the forcefield was selected to 
reflect not only the static properties associated with equilibrium structures but also 
those concerned with molecular motion (e.g. vibrational frequencies and rotational 
barriers).
Molecular geometries determined by gas phase electron diffraction are shown to 
be reproduced well by the forcefield. Calculated frequencies have been extensively 
fitted to the vibrational spectra of small symmetrical molecules for which the assign­
ment of the vibrations is less ambiguous due to symmetry considerations. Rotational 
barriers and conformational energy differences calculated by the forcefield are shown 
to agree with experimental values.
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Thermodynamic and structural crystal properties such as heats of sublimation 
and unit cell parameters are also calculated and demonstrate good agreement with 
those observed experimentally. These are a test of the suitability of the forcefield for 
modelling intermolecular interactions and have often been overlooked in previous 
forcefields.
The new forcefield thus gives a good account of both the structural and dynamic 
features of carbohydrate molecules and should prove a useful tool in the conforma­
tional analysis of this class of compounds.
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1.1 Why Model Carbohydrates ?
Until a few years ago, carbohydrates were regarded as being only important for 
energy storage and metabolism. However, they are increasingly becoming seen as 
the equal partners of proteins and nucleic acids in terms of biological importance.1
In recent years, carbohydrate molecules have been identified as information car­
riers and recognition molecules in many areas of biochemistry. Many proteins for 
instance, exist in the body not as naked proteins but rather as glyco-conjugates, bear­
ing carbohydrate side-chains that are often essential to the biological activity. In 
some cases, the proteins themselves act merely as platforms for the glycosidic 
chains. The carbohydrates responsible for blood group specificity, for example, if 
attached to a synthetic polymer rather than the native protein, will still evoke the same 
blood group antigenicity.1
Carbohydrates have also been found to have regulatory functions in organisms 
as diverse as plants, fungi and bacteria. A class of oligosaccharide plant hormones, 
the oligosaccharins, have been identified by Albersheim to be of central importance to 
the growth, development and reproduction of plants, as well as in defence against 
disease.2
Other functions that have been attributed to carbohydrates are as receptors for 
binding toxins, viruses and hormones. They are also known to alter drug pharmacok­
inetics, control vital events in fertilisation, and target aging cells for destruction.3
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The majority of carbohydrates are composed of only a handful of saccharide 
residues: glucose, mannose, galactose and so forth. Even though the composition of 
carbohydrates are so similar, they are seen to display a wide diversity in their biologi­
cal functions. As with proteins, this diversity of function comes from the structure and 
conformation of these molecules, and it is their three-dimensional shapes that govern 
their biological activity. This has been appreciated for a long time, and a very great 
deal of effort has been applied to the experimental elucidation of the conformations of 
biopolymers.
The usefulness of theoretical models for biopolymer structures was also recog­
nised at an early stage.4 Since then, extensive use of molecular modelling has been 
made in the study of protein structure in particular.5'8 As a result, the theoretical mod­
els of proteins have reached a high level of refinement.9'11
Carbohydrates have not received the same level of interest as proteins or 
nucleic acids either theoretically or experimentally; and this prompted Goodall and 
Norton to describe them in a recent paper as the ‘Cinderella’ of the biopolymers.12 
However, with the importance of carbohydrates in all areas of biology becoming 
increasingly evident, interest in carbohydrate conformation will also continue to grow, 
and it is therefore desirable that reliable methods for modelling them should be devel­
oped.
1.2 Molecular Modelling Methods
Generally speaking, all molecular modelling methods attempt to describe the proper­
ties of a molecular system in terms of a mathematical function of the atomic positions. 
Such a theoretical model, if sufficiently accurate, can then be used to predict a variety 
of information about the molecular system. For example, various molecular modelling 
techniques can been used to calculate the minimum energy conformation of a mole­
cule, its molecular geometry, relative energies of different conformations, molecular
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dipole moments and even its vibrational spectrum.
The methods used in molecular modelling can be separated into two broad 
categories:
(i) Quantum Mechanical Calculations
(ii) Empirical Energy Calculations
These categories differ in the way in which the mathematical models describing the 
molecular system are derived. The first category, quantum mechanical calculations, 
approach the problem from a purely theoretical standpoint. These methods attempt 
to apply the principles of quantum mechanics to define the mathematical model of the 
molecular system. Because of the complexities involved in applying quantum 
mechanics to all but the simplest molecules, a variety of approximations and simplifi­
cations are often made to make the calculations more tractable.13
The second category, as the word ‘empirical' suggests, includes methods that 
are not derived on purely theoretical grounds, but rather by selecting a mathematical 
model that from empirical considerations should give a reasonable representation of 
molecular behaviour. This model is then refined by fitting it to known experimental 
data. The assumption made is that if the model can be made to reproduce a range of 
known experimental data with reasonable accuracy, it can then be used to predict 
similar, but as yet unmeasured properties, with an equivalent degree of accuracy.
There is therefore a wide diversity in molecular modelling methods, varying from 
relatively simple empirical methods that can be applied even to large molecules such 
as biopolymers, to complex quantum mechanical calculations requiring hours of com­
puter time even for small molecules. Most of these methods have at some time or 
another been used in the study of carbohydrates (or model compounds for carbohy­
drates) and it is therefore worthwhile giving a brief appraisal of them.
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1.2.1 Quantum Mechanical Methods
Although this thesis is concerned primarily with an empirical modelling method, quan­
tum mechanics has made important contributions to the study of carbohydrates; par­
ticularly in unravelling the mechanisms behind the anomeric and gauche effects (dis­
cussed in Chapters 6 & 7). In addition, comparisons between our forcefield calcula­
tions and those of quantum mechanical calculations will often be drawn, and some 
understanding of them is therefore necessary.
In principle, of the various molecular modelling methods, quantum mechanical 
calculations are the most appropriate from theoretical considerations. According to 
quantum mechanics, the energy (E) of a stationary molecule may be obtained by a 
solution of the Schroedinger partial differential equation
HVF = EVF
where H is the Hamiltonian, a differential operator representing the the total energy; 
and is the wavefunction of the molecule, and is dependent on the molecular geom­
etry.
Quantum mechanical calculations generally use a method which assumes that 
the electronic components of the wavefunction (the molecular orbitals, \j/j) are combi­
nations of the atomic orbital wavefunctions, <j>j. Thus, for a given molecular orbital, \j/j
Vi =  C1 +  C sfo  +  ■ * ’ Cj^j +  * * ' Cn<t>n
where the value denoted Cj is the coefficient of atomic orbital §  in the molecular orbi­
tal Yj. This method is known as the linear combination of atomic orbitals (LCAO) 
approximation. Given this approximation, the best set of coefficients can be deter­
mined using the Variation Theorem, which states that the set of coefficients for all the
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molecular orbital wavefunctions (w) will be the one that gives the lowest total energy 
E.
Calculations of this sort are known as ab initio calculations because they con­
struct a model of the electronic nature of the molecule from ‘first principles’, and do 
not rely on any experimentally derived knowledge.
The atomic orbitals (<!>) are described by a set of mathematical functions called 
the basis set These mathematical functions vary in their level of complexity, and in 
general, more complex functional forms will give a more accurate description of the 
atomic orbitals, but at an increased cost in computer time. Several references to ab 
initio calculations are made in this text, and the basis set used in each case is speci­
fied. Common standard basis sets used, in order of increasing sophistication, are 
STO-3G, 4-21G and 6-31G. The 6-31G basis set, with its various modifications, rep­
resents the most sophisticated level of calculations in general use. (For a full discus­
sion of ab initio basis sets, see reference 13).
An advantage of ab initio calculations is that they give a complete description of 
the electronic nature of the molecule, and therefore a wider range of molecular pro­
perties can be deduced than from empirical calculations. In addition, ab initio calcula­
tions, unlike empirical methods, do not have to be fitted to experimental data, and can 
therefore be directly applied to molecular systems for which no experimental informa­
tion is known. The major drawback, however, is the computational expense. 
Although a full ab initio geometry optimisation of, say, a pyranose ring is today feasi­
ble, it would take hours of supercomputer time. A full conformational analysis for 
such a molecule becomes unquestionably too large, and (for the time being) empirical 
energy calculations must be used if the conformational analysis of large molecules is 
to be undertaken.
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1.2.2 Empirical Energy Calculations
Rigid Geometry Calculations
The concepts of steric repulsion, electrostatic interactions and the preference for 
staggered rotations about single bonds have long been used by chemists to rational­
ise (and predict) the conformational preferences of molecules. These concepts, at 
first qualitative, were eventually quantified so that conformational energies could be 
calculated for a given molecular geometry. Thus the total conformational energy for a 
molecule can be estimated from the following sum:
E jo ta l =  E v D W  +  ^Elec +  ^Torsion
where
E v d w  =  £  (atom-atom van der Waals interactions)
EEiec =  £  (atom-atom electrostatic interactions)
Ejorsion =  ^  (torsional energies)
The precise mathematical functions describing the van der Waals interactions, 
the electrostatic interactions and the torsional energies vary from one method to 
another, but are generally fitted to known experimental data on conformational ener­
gies.
Methods of this type have become known as Rigid Geometry calculations, 
because they assume that bond lengths and valence angles remain constant regard­
less of conformation. This assumption is made on the basis that bond lengths and 
valence angles are ‘stiff in comparison with torsion angles, and will not be distorted 
much by conformational changes. Rigid Geometry methods therefore neglect any 
contribution to the conformational energy that may actually occur in the molecule due 
to distortions of this type. The principal advantage of Rigid Geometry calculations are 
that they contain very few energy terms that need to be calculated, and are therefore
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reasonably fast and may be applied to large molecular systems.
Flexible Geometry Calculations
With the advent of faster and more powerful computers in recent years, it has 
become feasible to use more complex energy functions than those used in Rigid 
Geometry, and so avoid some of the larger approximations made in that method. 
Flexible Geometry calculations extend the Rigid Geometry method by adding energy 
terms that take account of the distortion of bond lengths and valence angles:
^Total =  ^VDW  +  ^Elec +  E j 0rsion +  ^Bond +  ^Angle
where
Esond =  £  (Bond stretch energies)
E A ng le  =  £  (Angle bend energies)
More elaborate energy functions also include cross terms, energy terms that allow for 
the fact that distortions in the internal coordinates of a molecule are not independent 
of each other. Thus the stiffness of a given bond will be to some extent dependent on 
the distortion in adjacent bonds, angles and so forth.
In addition to their relationship to Rigid Geometry, Flexible Geometry energy 
functions also owe part of their ancestry to the valence forcefield equations that have 
been used for many years in the vibrational analysis of molecules.14-15 These force­
field equations are similar to those of Flexible Geometry but for the absence of the 
non-bond terms, E Vd w  a n d  E E|ec . It is because of this relationship that the terms 
forcefield and valence forcefield are often used to describe Flexible Geometry energy 
functions. [Note: The term molecular mechanics has also been gaining popularity in 
recent years to describe the Flexible Geometry method.16 However, we shall use the
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terms forcefield and forcefield calculations in this text.]
Flexible Geometry forcefield calculations have increasingly become the pre­
ferred molecular modelling tool for the study of biopolymers such as proteins8 and 
nucleic acids.10 Biopolymers in some ways lend themselves to the application of 
forcefield calculations because they are composed of similar units: amino acids in the 
case of proteins, and nucleotides in the case of nucleic acids. This limits the number 
of atom types and functional groups that forcefield parameters must be found for. 
Carbohydrates are also good candidates for forcefield calculations: they generally 
consist of only three elements, carbon, hydrogen and oxygen, in the form of pyranose 
and furanose rings. The practical problem of forcefield calculations is one of reliabil­
ity. A forcefield is developed by fitting the equations and parameters to reproduce 
experimental data. As long as the forcefield is then applied to molecules similar to 
those from which the experimental data was obtained, the results should be of com­
parable accuracy to those of the original fit. On the other hand, if we attempt to 
extrapolate the forcefield for use beyond the areas for which it has been tested, the 
reliability of the calculations will be in doubt.
The development of a forcefield by fitting to experimental data is a very labour 
intensive task, as the forcefield must be repeatedly revised until an acceptable fit to 
the data is achieved. This thesis documents such a task; the development of a force­
field for carbohydrates.
An increasing application of forcefields is in molecular dynamics. In molecular 
dynamics, the forces on each atom of a system are calculated using the forcefield. 
Using these forces, Newton’s equations of motion may then be solved to give a 
description of the dynamic behaviour of the molecular system.8 Such simulations may 
be applied to many problems which involve determining the accessible conformations 
of molecules, including biopolymers. Dynamic simulations are becoming an increas­
ingly important tool in the design of peptides, drugs and other biologically active
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molecules.17
1.3 Previous Molecular Modelling of Carbohydrates
Rather than giving an extensive review of carbohydrate modelling, we shall instead 
just highlight a few of the applications of the methods described above.
Rigid Geometry studies of a-D-glucose by Ramachandran’s group were 
amongst the first computational studies made on carbohydrate systems.18 This study 
indicated the 4C  ^ conformation (i.e with all ring substituents equatorial except for the 
anomeric hydroxyl) to be the most stable. It also encountered one of the main prob­
lems in the calculation of carbohydrate conformations; that is, the very large number 
of possible conformations resulting from rotation about the hydroxyl groups. This is a 
manifestation of the multiple minima problem: highly flexible molecules often have a 
multitude of local minima that make finding the global minimum difficult.
Another type of Rigid Geometry calculation that has been used fairly widely is 
the HSEA method of Lemieux and co-workers. This has been applied to the confor­
mational analysis of oligosaccharides, in particular those associated with blood group 
determination.19'21 It also endeavours to account for the conformational preferences 
of saccharide chains caused by the anomeric effe.ct, and this is discussed in more 
detail in Chapter 7.
Flexible Geometry forcefield calculations have also been made for a number of 
carbohydrate systems. Most notable perhaps, is the forcefield developed by 
Rasmussen 22 This is the only forcefield to have been developed specifically for car­
bohydrates, and is certainly one of the best documented 23 The functional form of the 
energy function is a fairly simple one, but nevertheless it gives a good representation 
of molecular geometry in particular, as was its principal intention. The Rasmussen 
forcefield has been applied to a variety of monosaccharide24 and disaccharide sys­
tems,25'27 and Brady has also adapted it to perform molecular dynamics
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calculations.28
Perhaps the best known forcefields are those of Allinger, MM1 and MM2. How­
ever, these have more often been applied to small organic molecules rather than 
biopolymers.16 MM1 was parameterised for use with alcohols and ethers 29 and the 
resulting forcefield applied to pyranosides by Jeffrey and Taylor.30 This gave satisfac­
tory results, with the exception of the geometry at the anomeric carbon atoms. A 
modification was made in order to overcome this, but at the expense of a large num­
ber of additional bond length and angle parameters.30 Allinger and Norskov-Lauritsen 
have also modified the MM2 forcefield to account for the anomeric effect, and this is 
compared with our own representation of the anomeric effect in Chapter 7. Unfortu­
nately, the MM1 and MM2 forcefields cannot easily be used to perform molecular 
dynamics calculations. This is because they treat lone-pair electrons as pseudo­
atoms with zero mass, and the molecular mechanics algorithm uses the mass of the 
atoms to determine their acceleration. A mass of zero results in an infinite accelera­
tion, and so the new position of the lone-pair cannot be determined.
Although most biologically important carbohydrates are too large to be handled 
by quantum mechanical calculations; ab initio methods have nevertheless contributed 
to our understanding of carbohydrate conformation through the study of smaller, 
model compounds. In particular, Pople, Radom and Hehre have performed extensive 
calculations in order to determine the nature of the anomeric effect31'33 The 
anomeric effect is a stereoelectronic effect that affects the conformation about the 
anomeric carbon atoms in pyranose and furanose rings 34
1.4 Objectives of this Study
At Bath University, the molecular modelling group currently employs a forcefield 
known as the VFF (‘valence forcefield’) in the study of protein and peptide conforma­
tion.11 This forcefield was developed and parameterised for model compounds
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exhibiting the structural features found in amino acids,35-38 and has subsequently 
been successfully employed in the study of large protein molecules,11*39 as well as in 
the molecular dynamics of peptide hormones.40
For the reasons discussed in Section 1.1, carbohydrates have also become an 
appealing candidate for molecular modelling by forcefield calculations. The objectives 
of this study were therefore to extend the VFF forcefield for use with carbohydrates, 
in order that their structure, energetics and dynamical properties can be simulated 
with the same reliability as is currently possible for protein and peptide systems.
This work has entailed the fitting of the forcefield to a data base of model com­
pounds for carbohydrate molecules; consisting of hydrocarbons, ethers, alcohols and 
acetals. Because certain stereoelectronic effects are central to the conformational 
behaviour of carbohydrates (the anomeric and gauche effects) they represent some­
thing of a challenge for forcefield calculations. It was recognised at the outset of this 
project that new functional forms for the forcefield might have to be developed in 
order to accommodate them.
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Strategy for Developing the Forcefield
2.1 Requirements of the Model
Before attempting to construct any theoretical model, it is important that the purpose 
of the model be fully defined. In order to derive a forcefield, we must therefore have a 
clear idea of the uses it will be put to, and the type of information it will be expected to 
provide.
As with the protein and nucleic acid forcefields already in use,1-3 the purpose of 
a carbohydrate forcefield will be to simulate conformational behaviour. The term 'con­






Each of these areas must be reproduced by the forcefield if it is to be useful in the 
study of the conformation, and hence the function, of carbohydrates.
2.2 Developing the Forcefield
The basic stages involved in the development of a forcefield are shown diagrammati- 
cally in Figure 2.1 (overleaf).
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4. Calculate Molecular Properties
3. Select Initial Parameter Values
6. Is fit good enough ?
8. Forcefield ready for use
7. Is Forcefield Transferable ?
2. Select Functional Form for the 
Potential Energy Function
1. Establish Database of Observables 
for a range of Model Compounds
5. Compare Calculated Properties 
with Experiment
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Establishing a Database of Observables
As with any empirically derived model, the first step in the development of a forcefield 
must be to establish a ‘database of observables', that is, a collection of data to be 
used in fitting the forcefield. In Chapter 1 it was emphasised that empirically derived 
models are only reliable when predicting similar properties to the ones that they were 
originally fitted to. The experimental data to which we fit our forcefield should there­
fore correspond as closely as possible to the type of information we will want it to pro­
vide, when applied predictively to new systems. (Setting up the database of observ­
ables will be discussed at greater length in the latter half of this chapter.)
Selection of the Functional Form
One of the main assumptions of forcefield calculations is that the conformational 
energy of a molecule may be partitioned into a set of energy terms that each have 
some physical significance. In the first chapter, a typical potential energy function 
was given as:
^Total =  E\/DW  +  ^Elec +  ^Torsion +  EBoncj +  EAng|e
Each of these energy components is related in some way to the geometry of the mol­
ecule. For example, the van der Waals energy ( E Vd w ) is generally regarded as some 
function of the interatomic distances between non-bonded atoms within the molecule; 
but the precise form of this function must be decided on. These decisions are for the 
most part based on theoretical considerations; and in the case of the van der Waals 
energy, our forcefield regards it to be the sum of Lennard-Jones terms between atom 
pairs:
The quantity ry in the above equation is the interatomic distance between a pair of 
atoms i and j. r*y and ey are examples of the forcefield parameters - constants whose 
values have to be carefully chosen to fit experimental data.
Practical considerations can also have a bearing on the choice of functional 
form, however, as they should not be so complex that too much computer time will be 
taken in calculating them. This is particularly important for the non-bond terms (van 
der Waals and electrostatic) as they generally form the bulk of the calculation. The 
number of interatomic non-bond interactions is roughly proportional to the number of 
atoms squared. In large molecular systems, a great many such interactions therefore 
need to be computed, and so non-bond energy terms should ideally be as simple as 
possible while still maintaining accuracy.
In the present study, we were extending an existing forcefield for use with a new 
class of compounds, and therefore the functional form was for the most part already 
determined.3 Some additions have had to be made to accommodate carbohydrates 
(see Chapter 7) and the full functional form of the potential energy function is given in 
Chapter 3 (Equation 3.1).
Selection of the Initial Parameter Values
Having decided on an appropriate functional form, initial parameter values need to be 
selected. Starting values can be estimated from various sources, including vibra­
tional spectra, structural data or rotational barriers.4 Another source of initial parame­
ter values is from other closely related forcefields: in the present work, initial parame­
ter values were taken mostly from the VFF forcefield3 (see Chapter 4).
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Optimisation of the Forcefield
Once initial estimates for the parameters have been selected, the process of optimi­
sation can begin. This consists of minimising the difference between the calculated 
properties and the experimental ones, and is performed by an iterative process, indi­
cated by the loop in Figure 2.1. The first step in this iteration is the calculation of the 
properties for the selected model compounds. (The methods by which the various 
properties are calculated is the subject of Chapter 3.) Having calculated these pro­
perties, they can then be compared with the experimental values, and the differences 
between them (the deviations) determined. The parameter values are then adjusted 
in order to reduce these deviations, and the process repeated until an acceptable fit 
to the experimental data is achieved.
This iteration process may be either by trial-and-error, or by systematic optimisa­
tion using a least-squares procedure.4 A combination of both methods was used in 
the development of our forcefield, as it is almost impossible to fully automate the 
optimisation of parameters. This is because certain decisions can only be made with 
the benefit of intuition that are difficult to include in an optimisation algorithm. The 
least-squares method is useful when a large number of parameters are being fitted to 
a large amount of data simultaneously, as is often the case when fitting vibrational 
frequencies. A fuller description of the optimisation of the parameters; and a descrip­
tion of the least-squares procedure, is made in Chapter 4.
Occasionally, optimisation of the parameter values may not be sufficient to fit 
the experimental data. This occurs when the functional form of the potential energy 
function is insufficient - in other words, the model is not a good representation of real­
ity. In this event, the functional form must be reconsidered and altered accordingly 
(see the dashed line in Figure 2.1).
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Transferability of the Forcefield
Once the parameter values have been optimised, the forcefield should then be tested 
for transferability. A forcefield is considered to be transferable across a range of mol­
ecules if the calculated properties for the molecules are all in similar agreement to 
experiment.4 The assumption that such a transferable forcefield may be found is 
implicit in all empirical molecular modelling methods. Forcefield parameters are 
invariably derived by fitting to experimental data for small model compounds. This 
assumes that the structural features present in a small molecule will behave similarly 
to the same structural features in a larger molecule. For example, common model 
compounds for the C-H bond are the simple alkanes (methane, ethane, propane 
etc.)5*6 and parameters for the C-H bond are derived from experimental data on 
these compounds. If the resulting forcefield is then applied to carbohydrates, the 
assumption is made that these C-H bond parameters are sufficient to model C-H 
bonds within carbohydrates. In practice, this assumption is seen to be a reasonable 
one, as bond lengths, vibrational frequencies and so forth, are very similar for C-H 
bonds in both alkanes and carbohydrates.
Occasionally, the parameters for a particular structural unit will not be sufficiently 
transferable. This most often occurs when the environment of the structural unit 
changes significantly from one molecule to another. In the present work, for instance, 
the C-O bond in acetals could not be well reproduced using the ether C-O parame­
ters. This therefore required the introduction of additional parameters, specific to ace- 
tal C-O bonds.
There is a way of testing, to some extent, the transferability of parameter values. 
Once the observables database has been assembled, some data may be retained 
and not included in the optimisation. The forcefield resulting from the optimisation 
may then be tested against the retained data to see if it is ‘externally’ consistent, and 
not only ‘internally’ consistent with the data it was fitted to.7 In ideal circumstances,
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agreement for the external data will be as good as for the internal data.
Choice of data for use in the optimisation must be made with the utmost care, 
since experimental errors in such data could be passed on to the forcefield. In prac­
tice, ideal data for optimisation can often be scarce, and so retaining some for use as 
external data may be an unaffordable luxury. In this case, it is often best to use the 
better data for optimisation, while retaining other, less accurate data as a check on 
transferability.
Finally, if optimised parameters are not found to be sufficiently transferable, it 
may be that the model compounds used are not representative of their class. It might 
then be necessary to re-appraise the observables database and add additional data 
from other model compounds.
2.3 The Observables Database
In assembling a database of experimental observables, there are two primary consid­
erations. These are:
(i) Model Compounds to be included
(ii) Molecular Properties of interest
We shall look at each of these in turn.
2.3.1 Model Compounds
Model compounds were chosen that reflected the variety of structural features found 
in carbohydrates. A range of some of the more common carbohydrates are shown in 
Figure 2.2. Most large carbohydrate molecules are in the form of polysaccharides: 
pyranose and furanose residues linked together in chains.
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Figure 2.2 Some Common Carbohydrate Structures
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Four classes of compounds were chosen as model compounds: hydrocarbons, 
ethers, alcohols and acetals. Because of the preponderance of ring systems within 
carbohydrates, model compounds containing five and six-membered rings were 
deemed to be particularly important model compounds. Most of the model com­
pounds used in this study are shown in Table 2.1. The structures of non-trivial mole­
cules, if not indicated in the text where they are referred to, are given in Appendix III 
at the end of this thesis.
2.3.2 Molecular Properties
In Section 2.1, four areas were identified as being of interest: molecular structure, 
conformational energies, molecular motion and intermolecular interactions. In order 
to be able to simulate these areas, data representative of each should be included in 
the observables database. The types of data selected are shown below.
Molecular Structure Gas Phase Molecular Geometries
(Electron diffraction, Microwave)
Conformational Energies Conformational Energy Differences
(NMR, various other techniques)
Molecular Motion Vibrational Frequencies (IR & Raman),
Rotational Barriers (IR & Raman, Microwave) 
Intermolecular Interactions Crystal Structures (X-ray Crystallography),
Sublimation Energies (thermodynamic measurements)
The necessity of using such a wide range of data becomes apparent by considering 
the Born-Oppenheimersurface.4' 6 The conformational energy can be envisaged as a 
surface in multidimensional space, with each dimension representing one of the con­
formational degrees of freedom of the molecule. The potential energy function of the
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T a b le  2.1 M odel C om pounds used in the  D eriva tion  o f the  Force fie ld
C lass D ata  Type M odel C om pounds
In terna l G eom etry E thane, P ropane, /7-Butane, /-Butane, C yc lohexane , 
N eopen tane , C yc lopen tane , tr i-(/-B u ty l)-m e thane .
V ib ra tiona l F requenc ies E thane, P ropane, n -B utane, /-Butane, C yc lohexane .
H y d ro c a rb o n s
R ota tiona l B arrie rs E thane, n -B u tane , 2 -M e thy lbu tane , 
2 ,2 -D im ethy!bu tane .
C on fo rm a tiona l E nerg ies3 C yc lohexane , M e thy lcyc lohexane , D eca lin , 
1 ,4 -D im e thy lcyc lohexane .
C rysta l S tructu re C yc lohexane , /7-Octane.
In te rna l G eom etry D im ethyle ther, 1 ,4 -D ioxane , E thy lm e thy le the r, 
T e trahydro fu ran , T e trahydropyran .
V ib ra tiona l F requenc ies D im ethyle ther, D ie thy le ther, 1 ,4 -D ioxane , 
E thy lm ethy le ther, 1 ,2 -D im e thoxye thane .
E th e rs
R ota tiona l B arrie rs D im ethyle ther, E thy lm ethy le ther, D ie thy le ther, 
/-P ropy lm ethy le ther, f-B u ty lm e thy le the r,
1 ,2 -D im e thoxye thane .
C on fo rm a tiona l E nerg ies3 D ie thy le ther, M e thoxycyc lohexane , 
cis and /rans-2 -M e thoxy-c /s -deca lin , 
2 ,2 -D im e thy lm e thoxycyc lohexane .
C rysta l S tructu re D ie thy le ther (phases I and II), 1 ,4 -D ioxane .
In te rna l G eom etry M ethano l, E thanol, /-P ropano l.
A lc o h o ls
V ib ra tiona l F requenc ies M ethano l, E thanol.
R ota tiona l B arrie rs M ethano l, E thanol, /-P ropano l, /-Bu tano l.
C rysta l S tructu re E thanol.
In te rna l G eom etry D im e thoxym ethane , 1 ,3 -D ioxane , 1 ,3 ,5 -T rioxane , 
P ara ldehyde , 2 ,2 -D im e thoxyp ropane .
V ib ra tiona l F requenc ies 1 ,3 ,5-T rioxane.
A c e ta ls
C on fo rm a tiona l E nerg ies3 D im e thoxym ethane , 2 -M e th o xy te trahyd ropyran , 
2 -M e thoxy-1 ,3 -d ioxane , 2 ,4 ,6 -T rim e thy l-1 ,3 -d ioxane , 
2 -M e th o xy-4 -m e thy lte trahyd ropyran , 
2 -M e th o xy-6 -m e th y lte tra h yd ro p yra n , 
cis- and trans-"\ ,8 -d ioxadeca lin .
C rysta l S truc tu re Trioxane.
a A lso  inc ludes Configurational energy d iffe rences.
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forcefield is itself a representation of the Born-Oppenheimer surface, and by fitting the 
forcefield to experimental data, we are seeking to make this representation as accu­
rate as possible.
Because the Born-Oppenheimer surface cannot be directly determined, we must 
rely on experimental data to provide information about it. Thus, the molecular geome­
try of a conformer gives the location of an energy minimum, while a conformational 
energy difference defines the relative ‘heights’ of two such minima. Vibrational fre­
quencies depend on the second derivatives of the surface around a minimum, and as 
a result give information on the curvature of the energy surface at that point. Finally, 
energy barrier heights separating two conformations may be obtained from rotational 
barrier measurements.
2.4 Experimental Data
Having decided on the molecular properties to be used in fitting the forcefield, it is 
necessary to consider the types of data available, and the techniques used in 
measuring them.
Some general principles in the selection of data can be made. Because calcula­
tions are generally performed on isolated molecules, experimental data should be 
selected with this in mind. Thus, data obtained from gas phase experiments will gen­
erally be most suitable, but where this is not available (as is often the case), data 
from measurements on dilute solutions in non-polar solvents are also acceptable. 
Data from polar solutions, or from measurements on the solid phase, are sometimes 
used where no other data can be obtained, but it should be emphasised that these 
may contain the effects of strong intermolecular interactions that will not be 
accounted for in the calculation.
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2.4.1 Experimental Molecular Structure
Currently, there are four experimental techniques that are widely used for determining 
molecular structure. These are x-ray and neutron diffraction, which are carried out on 
crystals, and electron diffraction and microwave spectroscopy, which are carried out 
on gases. For the reasons given above, the structures derived from the latter two gas 
phase methods are preferred for parameterisation of the forcefield.
The definition of molecular geometry is, unfortunately, not a simple one. Both 
electron diffraction and microwave spectroscopy give quantities that are nominally 
referred to as bond lengths and angles - but these techniques actually measure differ­
ent physical quantities. Not surprisingly therefore, bond lengths and angles are often 
slightly different depending on the method of measurement used. From electron dif­
fraction, the intermolecular distances obtained are generally labelled ra, rg, ra or ra°. 
Microwave spectroscopy, on the other hand, gives quantities labelled r0 or rs. A fur­
ther quantity, re, is also occasionally derived from either of these methods.
Unfortunately, there are no simple general corrections that allow conversion 
between these structure types to be made. This raises a question as to which of 
these structure types is most appropriate for comparison with calculations.
The various structure types can be best understood by considering the effects of 
thermal vibration on the molecular geometry. The vibrational motion of any two 
bonded atoms is described by a Morse curve. This curve is close to a parabola at the 
minimum but at short distances the energy rises more steeply, at and long distances 
more slowly (as shown below). This means that as the temperature is increased, the
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vibrational energy of the bond is raised, and it tends to get longer.8
r(X-Y)
Figure 2.3
M orse po ten tia l rep resenting  the  B ond  E nergy 
as a  func tion  o f the  bond  length  (r) be tw een  
tw o  a tom s (X  and Y).
The re structure is perhaps the easiest to understand: this is the internuclear distance 
corresponding to the hypothetical circumstance where each nucleus is at the bottom 
of its potential well. (It is a hypothetical situation because the vibrational energy of a 
bond is quantised, and cannot fall below its ground state.) The re structure would be 
the most desirable type of data for optimising forcefield parameters, but so few have 
been determined that their use as the only source of data for this purpose is out of the 
question.8
Geometries from Electron Diffraction
Electron diffraction makes use of the fact that electrons are scattered when passing 
between two nuclei, and that the degree of scattering is dependent on the internu­
clear distance. Electron diffraction can therefore be used to give a direct measure­
ment of the internuclear distances within the molecule, in the form of a radial distribu­
tion function. In order to deduce the molecular structure, it is then a matter of finding 
the geometry that best fits this function. The geometry obtained in this manner is 
called the ra structure. This may be converted into the rg (which is in practice almost 
identical to ra) by averaging over all of the molecular vibrations. The rg structure can
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be regarded as the thermal average of the internuclear distance.7
A further structure, ra, is sometimes derived from the rg geometry, and can be 
understood as follows. The two atoms in a bond each have an equilibrium position, 
and can vibrate in two ways: along the line joining these positions, and also perpendi­
cular to it. Both of these vibrations contribute to the rg value for the bond length. By 
applying a correction term, the component to the bond length arising from the perpen­
dicular vibration can be removed, resulting in the ra bond length.9 Using a further cor­
rection, the value of ra extrapolated to 0 K (denoted ra°) may be obtained. This can 
be regarded as the average geometry of the molecule in its vibrational ground state.
Because of the temperature effects on bond length, described above, bond 
lengths determined by electron diffraction are usually in the following order of magni­
tude:
*e <  f<x^  <  f<x <  ~  *g
As an example, for C-C bonds, ra° bond lengths are typically about 0.002 A shorter 
than rg values.7 Because too few re structures are available, the preferred values for 
forcefield optimisation are ra° (as ra, rg and ra are all to an extent temperature depen­
dent). In practice, however, ra° structures are not always obtainable and so the ra, rg 
and ra values sometimes have to be used.
A further point to note is that in some electron diffraction studies, bond lengths 
that are similar (but inequivalent) can present problems. This is because they appear 
so close together on the radial distribution function that they become difficult to 
resolve accurately. A test for this can be made by considering the correlation coeffi­
cient found between the two bond lengths in the fit of the distribution function. The 
correlation coefficient will be close to one (or 100%) if the resolution is poor.
It is because of resolution problems that equivalence of certain bond lengths is 
often assumed when electron diffraction structures are determined. A common 
assumption, for instance, is that all C-H bonds in a molecule are the same. It is
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important that all such assumptions that have been made in solving the structure are 
born in mind when comparing with a calculated structure.
Geometries from Microwave Spectroscopy
Microwave spectroscopy operates by exciting the rotational energy levels of the mole­
cule, and can be used to determine the three rotational constants, A0, B0 and C0, of 
the vibrational ground state.9 A structure, denoted r0, may then determined that gives 
the best fit to the three rotational constants. However, because microwave spectros­
copy measures only three quantities, in principle only three molecular structural 
parameters may be determined. Generally the method is therefore restricted to small 
molecules, and assumptions have to be made to reduce the number of independent 
structural parameters to three. These assumptions can be as to the equivalence of 
certain parameters, or by assigning fixed values for them. The number of indepen­
dent structural parameters will also be reduced by equivalence due to symmetry, and 
so molecules chosen for microwave studies tend to be symmetrical.
These limitations can be overcome to some extent by making various substitu­
tions of the component nuclei with different isotopes. The different atomic masses 
will result in a new set of rotational constants for each of the isotopically substituted 
derivatives made. This extra data allows more structural parameters to be evaluated 
by using the Kraitchman Equations.10 The structure derived from isotopic substitution 
is called the rs structure.
Structures determined by microwave spectroscopy, because of the assumptions 
often made in determining them, are only used for optimisation when electron diffrac­
tion data is not available.
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2.4.2 Experimental Vibrational Frequencies
There are two experimental methods for measuring vibrational frequencies; Infrared 
(IR) and Raman spectroscopy. Each vibrational frequency value can be assigned to 
a particular normal mode of the molecule, and because the selection rules for infrared 
and Raman are different, the two techniques are often used to complement each 
other to make these assignments more reliable.11
Vibrational frequencies are an important source of experimental data because 
they give the most direct indication of the values of the force constant parameters in 
the potential energy function. This relationship between force constants and frequen­
cies is described in more detail in the next chapter, where the calculation of vibra­
tional frequencies is discussed.
One of the problems of vibrational spectra is that they give almost too much 
information. Because a molecule with N atoms gives rise to 3 N - 6  vibrational 
modes, even medium-sized molecules can often have so many frequencies that it 
can be difficult to determine the correspondence between experimental and calcu­
lated frequency values. For use with forcefield parameterisation, small molecules are 
therefore better, as they have fewer vibrational modes. The problem may be further 
reduced by choosing model compounds of high symmetry. Symmetric molecules 
give rise to vibrations each having a particular symmetry species; this indicates which 
of the symmetry elements within the molecule are preserved by the vibration (see 
Chapter 3). Because each experimental and calculated frequency now has an asso­
ciated symmetry species, finding the correspondence between them is simplified. It 
is for exactly the same reasons that small symmetrical molecules have traditionally 
been the subject of conventional vibrational analysis.11*12 A fortunate result of this, 
from our point of view, is that vibrational data suitable for parameterisation is both rea­
sonably abundant and well-assigned.
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2.4.3 Experimental Rotational Barriers
Methods for measuring barriers to internal rotation are much more diverse than those 
for either molecular geometry or vibrational frequencies. Techniques that have been 
used include calorimetric measurements, variable temperature dipole moment stu­
dies, estimates from vibrational spectroscopy, microwave spectroscopy, and even 
sound absorption.13 The two most common, and most accurate methods used are 
vibrational and microwave spectroscopy.
Vibrational spectroscopy can be used to give an estimate of the barrier height 
from the frequency values of the torsional vibrational modes. The torsional modes 
are generally found in the far-infrared region of the spectrum, and can sometimes be 
difficult to observe. Once a torsional frequency has been obtained, however, is is rel­
atively simple to estimate a barrier height by assuming a simple mathematical form 
for the barrier.14 Gas phase IR studies normally give barrier heights accurate to within 
10-15% when compared with more accurate microwave methods. Errors are typically 
slightly larger for Raman studies (10-20%) since most are made on liquids or solu­
tions and are affected by intermolecular interactions.14
Microwave spectroscopy generally gives the most accurate values for rotational 
barriers, with errors of about 5%.13 It has the additional advantage of relating to mole­
cules in the gas phase. The most common microwave method used is the splitting 
method, but this is generally restricted in its application to the rotational barriers of 
methyl groups (or other ‘symmetric-top rotors’ such as f-ButyI groups) for reasons of 
symmetry.14
2.4.4 Experimental Conformational Energies
Methods of determining conformational energy differences generally depend on 
establishing the relative populations of molecules in each of the conformations. For 
an equilibrium between conformations, A and B, the free energy difference between
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them is given by the relationship:
n*
AGa~*b ~ ~RT In —  he
where n^ and ne are the mole fractions of A and B respectively. By studying the 
equilibrium over a temperature range, the entropic component to AG can be elim­
inated, giving the enthalpy difference AH between the conformations.
The conformational energy difference can be in principle determined by any 
experimental method that can distinguish between the two conformations and mea­
sure their relative abundance. By far the most common method used, however, is 
NMR spectroscopy. This is because the NMR spectrum is generally readily interpret­
able in terms of the two conformations, and an accurate ratio of the populations may 
be obtained by integration. NMR spectra are normally run on dilute solutions in deu- 
terated solvents; results from non-polar solvents (e.g. CCI4, CS2) being the most suit­
able for our purposes.
There are some restrictions on NMR methods, however. In order to determine 
the relative conformer populations, it is necessary that the conformational energy dif­
ference is around 2 kcal/mol or less, so that both conformers are present in observ­
able quantities. It is also important that the barrier between conformers be higher 
than about 5 kcal/mol so that exchange between them is slow on the NMR time-scale 
(otherwise only a time-averaged spectrum of the molecule will be obtained).
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Chapter 3
Calculation of Molecular Properties
3.1 The Potential Energy Function
One of the basic principles of conformational analysis is that for a given molecule, 
some geometrical arrangements (or conformations) of its atoms will be lower in 
energy than others. The most convenient way to express any conformation is in 
terms of internal coordinates - that is, by specifying the various bond lengths, valence 
angles and torsion angles of the molecule.1 In order to gain some insight into the rela­
tionship between molecular geometry and conformational energy, a useful theoretical 
tool would be a mathematical function that can be used to calculate the conforma­
tional energy from the internal coordinates. The difficulty, of course, lies in determin­
ing such a function.
From our knowledge of molecular structure, we know that bond lengths, valence 
angles and torsion angles often have similar values from one molecule to another; 
and only in strained molecules (of high energy) do they deviate by much. This leads 
to the concept that these bond lengths, valence angles and torsions have certain pre­
ferred values, and that the conformational energy of the molecule increases depend­
ing on how much they are distorted from these values. In an attempt to quantify this 
concept, a fairly natural progression is to attempt to find a potential energy function 
that relates the conformational energy to the three types of variables: the bond 
lengths (denoted b), the valence angles (0) and the torsion angles (<J>) present in the 
molecule.
A fourth type of variable is also required in the potential energy function, and 
that is interatomic distance (denoted ry - the distance between atoms i and j).
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Interatomic distances are included because of two other effects that also contribute to 
the overall conformational energy; the van der Waals and electrostatic interactions. 
These interactions are dependent on the distance between atoms not directly linked 
by bonds, hence the need for the ry variables.
All molecular mechanics forcefields use potential energy equations that are 
functions of the four variable types b, 0, <j), and ry; but the precise form of the function 
can vary widely. The functional form used in the present work is an extension of that 
used in the VFF, a forcefield originally developed, and currently used, for peptides 
and proteins.2 Some additions have been made in order to account for aspects of the 
conformational behaviour of carbohydrates that the VFF could not reproduce. These 
additions will be indicated in the following discussion of the energy function.
The full form of the potential energy function is given in Equation 3.1
+ £  v i0  + cos<J>) + 2 V2 O -cos2<j>) + 2  v 30 + cos3<{>) Torsional Energy
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This equation relates the conformational energy (E) to the four variable types dis­
cussed above. All the other quantities present in the function (Kbl b0, Go, K0> r’ y, qf 
etc.) are constants called the forcefield parameters. Parameter values are selected 
by fitting properties calculated by the forcefield to experimental data, and are of criti­
cal importance to the performance of the forcefield. (The final values of the parame­
ters for carbohydrates are given in Appendix I).
In Equation 3.1, a description of each of the terms in the function is indicated. 
The interpretation of each of these terms will now be considered in detail.
3.1.1 Bond Strain Energy
The bond stretch energy is represented by an exponential (‘Morse’) function. The 
parameter b0 represents the preferred bond length i.e. the bond length at which no 
bond strain occurs. The parameters Kb and a together affect the ‘stiffness’ of the 
bond - the force required to stretch or compress the bond by a given amount. For this 
reason, the quantity Kb is often referred to as the bond-stretch force constant.
In some simpler forcefields,3'5 the bond strain is represented by a simple har­
monic function
This representation should be sufficient as long as the distortion of the bond is small, 
but at larger distortions one would expect deviations from the harmonic potential. In 
reality, at very long distortions, the bond will start to dissociate, and the energy will
E  |Kb [ l  -  exp(-a{b -  b0}) ]2 -  KbJ
Eeond = E^Kb'(b-bo)2
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n o t r is e  a b o v e  a  c e r ta in  v a lu e  (th e  d is s o c ia t io n  e n e rg y ) . In th e  h a rm o n ic  a p p ro x im a ­
tio n  h o w e v e r , th is  w ill n o t o c c u r  a n d  th e  e n e rg y  w ill g o  on  in c re a s in g  w ith  b o n d  le n g th . 
T h e  m o rs e  fu n c t io n  u s e d  in o u r  p o te n tia l s h o u ld  g iv e  a  b e tte r  re p re s e n ta t io n , s in c e  it 
s h o u ld  re p ro d u c e  th e  b o n d -w e a k e n in g  a t lo n g e r b o n d  le n g th s . T h e  d if fe re n c e  




F ig u re  3.1
3.1.2 Angle Strain Energy
^Angle =  F2 £  Kq(0 — 0 o )2
T h e  h a rm o n ic  a p p ro x im a tio n  a p p e a rs  to  be  a  re a s o n a b le  o n e  in th e  c a s e  o f a n g le  
b e n d in g , a n d  s o  it h a s  b e e n  re ta in e d  in o u r  fo rc e fie ld . T h e  p a ra m e te r  0O is  a n a lo g o u s  
to  b 0 in th a t  it re p re s e n ts  th e  ‘s tra in - fre e ’ b o n d  a n g le . T h e  p a ra m e te r  K e is  th e  fo rc e  
c o n s ta n t fo r  a n g le  b e n d in g , a n d  is  re la te d  to  th e  s tif fn e s s  o f th e  a n g le .
3.1.3 Torsional Energy
^Torsion — +COS<j)) +  £  V 2O — COS 2(j)) -I- ^  V 3(1 + COS 3(f))
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The torsional energy term is represented by a Fourier expansion containing three 
terms - a onefold term (V-i) a twofold term (V2) and a threefold term (V3). As a first 
approximation, the threefold term should be sufficient for most single bonds, since it 
gives maxima at the eclipsed positions (0*, 120’ , -120*) and minima at the staggered 
positions (60*, 180*, -60*). However, a non-zero value of the onefold parameter (Vt ) 
was found necessary on occasion to reproduce experimental results. In general, a 
onefold term is used to represent a dipole-dipole interaction.6 The twofold term, 
although not used in any of the calculations in the present work (V2 = 0.0 for all single 
bond torsions parameterised so far) it is included here for completeness and because 
it is necessary for the treatment of double and conjugated bonds. (A further energy 
term, the ‘out-of-plane’ term is also required for conjugated systems.2 This represents 
the energy required to distort the conjugated system from planarity. Although it has 
been maintained in the present forcefield, it is not discussed here because no conju­
gated systems have been studied in this work.)
The three-part functional form for the torsion angle is a departure from the VFF 
forcefield, which allowed only one such term per torsion - either onefold, twofold or 
threefold 2
3.1.4 Cross Terms
In addition to the previous terms described (which are also referred to as diagonal 
terms) the energy function also includes off-diagonal or cross terms, which represent 
coupling between deformations of two or more internals. For example, the bond-bond 
coupling term defines the additional energy required to stretch a bond (b) when an 
adjacent bond (b’) is already stretched. We include the following coupling terms: 
bond-bond (with a common atom), angle-bond (the bond is part of the angle), angle- 
angle (with a common bond), and torsion-angle-angle (with the two angles involved in 
the torsion). The parameters in the cross terms denoted K (with the relevant
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subscripts) are the cross term force constants. A further two cross terms are 
included that were not in the VFF forcefield; the two bond-torsion cross terms (relat­
ing b and <J>, and b’ and <j>). These were included to reproduce the anomeric effect, 
and are only necessary for the anomeric C-O torsions in acetals and hemi-acetals. A 
full description of these cross terms is given in Chapter 7.
3.1.5 Van der Waals Energy
( J \I2
r ij - 2 i i T
j ■
The van der Waals energy is represented in the forcefield by a sum of pairwise Len- 
nard-Jones interactions. The interactions are calculated between atoms separated by 
three bonds or more. The Lennard-Jones function was originally proposed to explain 
the interatomic forces occurring in noble gas atoms,7 and comprises of two separate 
terms; an attractive term, dependent on ry; and a repulsive term dependent on rjj. (n 
typically has values from 9 to 12. For mathematical convenience, the value /7= 12 is 
most often used.) The ry term accounts for attractive forces caused by polarisation 
effects; while the rj2 term relates to repulsions caused by nuclear and electronic 
repulsion. At short distances, the repulsive term dominates, while at longer distances 
the attractive term dominates. The van der Waals potential resulting from the Len­
nard-Jones function is shown in Figure 3.2
F ig u re  3 .2  The  V an  d e r W aa ls  E nergy Function
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The parameters r*y and ey represent the equilibrium distance and minimum energy 
respectively of the Lennard-Jones function. As in previous studies8 the values of r*y 
and £jj are estimated from the parameters for the corresponding homoatomic interac­
tions; thus
r'ij = H(r'ii +r'|j) ; and = tajEy)1'2.
3.1.6 Electrostatic Energy
The electrostatic energy of the molecule is approximated as a sum of pairwise 
Coulombic interactions between point charges centred on the atoms.
EElec =  z - ^ r 1
The parameters qj and qj are the partial charges on the atoms i and j. For the calcu­
lations made in this work, the values of qj and qj are fixed for all atom types except 
carbon atoms. The charge of a given carbon atom depends on its local environment 
and is selected to maintain overall neutrality. A fuller discussion of partial charges is 
made in Chapter 5, which looks in detail at the performance of the non-bond part of 
the forcefield. (The charge parameters are also given in Appendix I.)
Many other forcefields use a Coulombic representation of electrostatic interac­
tions, although some divide the electrostatic energy by a dielectric constant, D.3
F _ diPj 
tElec -  2j Dry
In some cases, D is a function of ry, and is referred to as a distance dependent 
dielectric.4*5
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We do not use a dielectric constant, because it is not clear that the concept of a 
bulk dielectric constant applies in a molecule.9 It should also be noted that, other than 
for calculating the dipole moment, a simple numerical dielectric constant is equivalent 
to scaling the charge parameters qj by D-1/2, and that the same effect could be 
achieved by using smaller qj values in the first place.
3.2 Energy Minimisation
Having defined the potential energy function, a wide range of properties of the system 
can in principle be calculated for comparison with experimental values. However, 
because most experimental data relate to molecules in conformational minima, a 
method of locating corresponding calculated minima is required. This can be 
achieved by minimisation of the potential energy function (Equation 3.1) with respect 
to the atomic coordinates of the molecule. Computationally, this is most readily per­
formed in Cartesian coordinates, even though the potential energy is described in 
terms of internal coordinates. This therefore necessitates a coordinate transforma­
tion, which has been described elsewhere.10
From Equation 3.1, the first and second derivatives of the energy with respect to 
the internal coordinates can be derived. By a coordinate transformation, the deriva­
tives with respect to the Cartesian coordinates may therefore be obtained. These can 
then be used to minimise the energy of the molecule with respect to all the atomic 
positions. For a molecule of N atoms, the geometry can be expressed by a set of 3N 
Cartesian coordinates. The energy of the molecule will be at a minimum when the 
first derivatives of the energy is zero for all of the 3N coordinates, thus:
Equation 3.2
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Minimisation methods are concerned with locating the set of atomic coordinates for 
which this criteria is met, and invariably work by a process of iteration. The various 
minimisation methods differ in the way in which they achieve zero first derivatives. In 
practice, minimisation is performed until all the first derivatives fall below a specified 
(small) value. The smaller this value, the more fully minimised are the coordinates.
The three minimisation methods that have been used in the calculations 
reported in this work are the steepest descent, the Newton-Raphson, and a quasi- 
Newton method. A description of each, together with its applications, is given below.
3.2.1 Steepest Descent Method
The steepest descent method is one of the simplest minimisation methods used. It 
makes the assumption that the first derivatives (9E/9xj) will be proportional to the dis­
placement of the coordinates Xj from their values at the minimum. In effect, this 
assumption is an approximation of E as a quadratic function of the displacement of Xj. 
Given a starting geometry, denoted as vector x (containing the 3N elements Xj) the 
first derivatives (9E/9xj) can be calculated. A new estimate of the minimum geometry 
(x7) can then be obtained as follows:
x7 = x+5x
where the elements of vector 8x are given by
r \
* / M E
6Xi = ~L ^\  Jx
The calculation can then be repeated for the new coordinates (x7) and the process 
iterated until Equation 3.2 is satisfied.
- 43-
The quantity L in the above equation is a scaling constant, and in the algorithm we 
use it is dependent on the average magnitude of all 3N derivatives (3E/3xj).11 As a 
result, when x is close to the minimum geometry, the derivatives will be small, and so 
will be the step size.
The steepest descent method performs very fast iterations because only first 
derivatives need to be computed, as opposed to other methods which also require 
second derivatives. It is particularly useful at geometries far from the minimum, 
where convergence is very rapid. As the geometry approaches the minimum, how­
ever, convergence becomes much slower, and other methods are preferred.
The steepest descent method was used in our calculations for highly strained 
molecules, and where the initial geometry might not have been close to the minimum. 
Examples of these are those compounds containing five-membered rings, or a high 
degree of steric crowding, such as tri-(f-Butyl)-methane. Steepest descent was used 
for the first 10 to 20 iteration steps, in order to relieve the large initial strain, and the 
quasi-Newton method then used for further refinement of the structure.
3.2.2 Newton-Raphson Method
The Newton-Raphson method is based on a Taylor series expansion of the energy 
around the minimum geometry.9 The coordinates of the minimum can be expressed 
as a vector, x°, whose elements are the 3N atomic Cartesian coordinates (xp). At an 
initial starting geometry, (x° + x), the Taylor series is therefore:
3N






Xj + t iZ Z
o i=1 j=1
'  d2E '




Since the initial coordinates (x° + x) are known; the minimum can be located by find­
ing the elements of x (the quantities Xj and Xj) from Equation 3.3.
The Newton Raphson method truncates the above Taylor series after the sec­
ond derivative term, assuming that the higher order terms will be negligible near the 
minimum. This truncation is in effect an approximation of E as a quadratic function of 
x. In matrix notation, the truncated form of the Taylor series becomes
E(x°+x) = E(x°) + g x  + y2xJ Hx
Equation 3.4
where g is the vector of 3A/ first derivatives (9E/9xj); and H is the 3Nx 3N matrix con­
taining the second derivatives (92E/9xj9xj). The quantity E(x°) is the energy of the 
minimum itself, and is therefore a constant.
Differentiating Equation 3.4 with respect to the vector x yields
-p - = g + Hx = 0 9x
since the elements of 9E/9x will be zero at the minimum. Rearranging, we obtain
x = -H +g
Therefore by subtraction of the vector x from the initial coordinates, we should obtain 
a value for x°. However, because of the truncation of the Taylor series, this will only 
be an approximation of x° (since E is unlikely to be an exact quadratic function of x) 
and the process must be iterated to find the true minimum geometry.
The Newton Raphson method is most useful when the initial geometry is not too 
far from the minimum, and can be used to obtain very low first derivatives. The major
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disadvantage, however, is that it is very slow, because the large second derivative 
matrix (H) must be first calculated and then inverted, which can take a considerable 
amount of time, especially for large molecules. The Newton-Raphson minimiser can 
also be problematical if the initial geometry is too far from the minimum.6’11
It was used in our calculations to refine geometries that had been already 
minimised by the quasi-Newton method, in order to give the accurately minimised 
structures (and second derivative values) that are necessary for the calculation of 
vibrational frequencies.
3.2.3 The Quasi-Newton Method
The quasi-Newton method is an adaptation of the Newton-Raphson method that does 
not require the exact calculation of the second derivative matrix H (see Equation 3.4). 
Instead, each iteration it forms an approximation of the matrix H from three sources: 
the value of H from the previous iteration, the difference between the first derivatives 
of successive iterations, and the step length vector, x. The value of H in the initial 
iteration is taken to be the identity matrix E. (For a full description of the quasi-New­
ton method, see reference 12)
Because the quasi-Newton method does not calculate the second derivatives 
analytically, it is much faster than the Newton-Raphson method, and is a very good 
general-purpose minimiser. The quasi-Newton method was used for all the calcula­
tions described in this work, either on its own, or in conjunction with the two minimisa­
tion methods discussed above.
3.3 Calculated Molecular Geometry
Because experimental geometries generally relate to molecules in their minimum 
energy conformation, the calculated molecular geometries used for comparison are 
obtained directly from minimisation. For calculated geometries, minimisations were
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deemed complete when the maximum first derivative value was less than 1x10“5 
kcal/mol/A. The quasi-Newton minimisation method is sufficiently accurate for deriva­
tives of this size.
For flexible molecules there may be several different minima: /7-butane, for 
example, has three separate minima; one trans and two gauche. The minimum 
obtained by the calculation depends on the starting geometry used. A given starting 
geometry will generally only reveal one minimum - that which it is closest to.
Obviously, it is important that the calculated minimum is the same one as the 
experiment relates to. In practice, for small molecules there is rarely any confusion 
since nearly all the molecules in the experimental sample will be in the lowest mini­
mum. For example, for an energy difference of 2 kcal/mol between conformations, 
97% of the molecules will be in the lower energy conformer at room temperature. 
(The distribution of molecules between conformations can be estimated from the 
Boltzmann equation, Nt/Nq = e-AE/RT.)
For the relatively small model compounds studied in this work, determining the 
lowest calculated energy is not a problem because only a few minima are feasible for 
each molecule. However, in larger, more flexible molecules, many local minima can 
exist, and an exhaustive search for the lowest minimum can present difficulties.
3.4 Calculated Conformational Energy Differences
Conformational energy differences were calculated by minimising the geometries of 
the two conformations in question. (The maximum derivative criterion was the same 
as that given above for molecular geometries.) The conformational energy difference 
then is simply the difference between the energies of each minimised conformation 
calculated from the potential energy function (Equation 3.1).
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3.5 Calculated Rotational Barriers
The barrier to rotation about a single bond can be regarded as a saddie-point 
between two minima on the conformational energy surface. The shape of this energy 
barrier may in principle be determined by fixing the relevant torsion angle at a series 
of values, while allowing all the other internal degrees of freedom to relax. Since the 
minimisation is carried out in Cartesian coordinates, rather than internal coordinates, 
fixing an internal coordinate in this way would be a complex task. A similar effect, 
however, can be achieved more simply by using a method called torsion forcing. This 
method ‘drives’ the torsion angle through a range of values, minimising the geometry 
fully at each stage. The torsion angle stays at its ‘fixed’ value by means of an addi­
tional energy term - the forcing function - included in the forcefield. The forcing func­
tion takes the form of a harmonic potential
^Force =  K F ((J) — <|)F)2
The value of KF can be any large value sufficient to keep (j) within a degree or so of 
<J)p. In our calculations, we used a KF value of 1000 kcal/mol/rad2. The value of 
EForce can be subtracted from the total energy of the molecule at that particular § 
value. In general, however, as KF is so large, the deviation of § from <{)F is very small, 
and so EForce becomes negligible.
After each minimisation, the value of <J)F is incremented by 5’ before the next 
minimisation begins. When all the minimisation steps have been completed, the 
resulting set of energy values can be plotted against the corresponding <j> values to 
give a rotational barrier plot (see Appendix II for examples). The height of the barrier 
(the difference between the lowest and highest points on the plot) can then be com­
pared with experimentally determined values for rotational barriers.
- 48-
3.6 Calculated Vibrational Frequencies
The calculation of vibrational frequencies of a molecule is fairly straightforward if the 
Newton-Raphson method has been used for the minimisation, since the necessary 
second derivative matrix, H, is already available (Equation 3.4).
For small atomic displacements x from the minimum geometry, the kinetic 
energy (EK) and potential energy (EP) of a molecule are given in matrix notation by
Ek = /2XTMx = &qTq Equation 3.5
and
EP = /2XTH°x = K2qTM~1/2H0M“1/2q Equation 3.6
M in the above equations is a diagonal matrix with the atomic masses as the diagonal 
elements: diag(M) = m1 .m !,m !,m 2 ,m2 ,m2,m3, ••• ,mN,mN,mN. The vector q is 
the mass weighted atomic displacements defined as
q = M 1/2x
H° corresponds to the second derivative matrix H, evaluated at the minimum 
(Hij0 = (a2Ep/3xiaxj )o).
By inserting Equations 3.5 and 3.6 into Newton’s equations of motion (see refer­
ence 13 ) the following equation is obtained:
(M-1/2H°M"1/2-E X )l = 0
Nontrivial solutions are obtained only if the secular equation
|M -1/2H°M-1/2-EA.| = 0
-49-
is satisfied (where E is the identity matrix). Solving this eigenvalue problem (by 
diagonalisation of the mass-weighted second derivative matrix, M“1/2H°M_1/2) yields 
the vibrational frequencies (the square roots of the eigenvalues X,-) and the normal 
modes of vibration (the corresponding eigenvectors lj).
For a non-linear molecule with N atoms, there will be 3N eigenvalue and eigen­
vector pairs; however, six of these will have eigenvalues of zero, corresponding to the 
three rotational and translational motions of the molecule. The molecule will therefore 
have 3N-6 remaining eigenvalue and eigenvector pairs, relating to the internal vibra­
tions of the molecule. The eigenvectors indicate the atomic displacements occurring 
in each of the vibrations of the molecule. Transformation of the eigenvectors from 
Cartesian coordinates into internal coordinates facilitates the assignments in terms of 
molecular deformations, and such assignments are indispensable for properly match­
ing observed and calculated vibrational frequencies.
The parameters that have the most influence on the second derivative matrix (H) 
- and hence the calculated vibrational frequencies - are the various force constant 
parameters (Kb, Ke, Kbb', etc.). This can be appreciated by a simple analogy with the 
case of a one-dimensional harmonic oscillator of mass M. The frequency of vibration, 







In a similar, though more complex way, the constant parameters are largely responsi­
ble in determining molecular vibrational frequencies.13*14
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3.6.1 Determining the Symmetry of Calculated Vibrations
In addition to the vibrational assignments described in the previous section, using 
symmetric model compounds greatly simplifies the matching of calculated frequency 
values with their corresponding experimental values. It does, however, require that 
the symmetry of the calculated vibrations be determined.
Molecules which are symmetrical in their minimum energy conformations give 
rise to vibrations which also display some of the symmetry present at the minimum. 
The symmetry species of the vibration indicates which of the symmetry elements 
present at the minimum are preserved during the course of the vibration.
As an example, we shall consider Dimethylether: in its minimum energy geome­
try, it has the point group C2V. This point group has three symmetry elements (apart 
from the identity, E); which are a C2 axis and two oy planes (see Figure 3.3). From a 
set of character tables (see, for example, reference 13) this point group can be found 
to have four symmetry species: A^, B1, A2 and B2. Figure 3.4 shows an example of 
a vibrational mode of dimethylether belonging to each of these symmetry species. 
At-type vibrations are totally symmetric and all the symmetry elements of the mole­
cule are preserved throughout the vibration. For the other symmetry species, apart 
from the identity element E, only one of the symmetry elements is preserved: B1 
vibrations preserve only the o(xz) plane; A2 only the C2 axis; and B2 only the o(yz) 
plane. The relationship between symmetry elements and symmetry species is given 
in character tables for all the possible molecular point groups.
In the course of this work, a program was developed for the purpose of deter­
mining the symmetry species of molecular vibrations. The program operates by tak­
ing the original coordinates of the molecule at the minimum (x0) and displacing them 
along the normal mode in question (using the relevant eigenvector, x ) :
X' =  X0 + X
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C2
o (x z )
a (y z )
F ig u re  3.3 Sym m etry E lem ents present in D im ethyle ther (point g roup  C 2V)
C -0  S tretch
H\  / H
c  c
/ ‘h / h
H H
all sym m etry preserved
C-H Stretch
C -O  S tre tch
/ h / h
H H
B 1 on ly a (xz ) p reserved
C-H S tre tch 
/ / *
B2 on ly a (yz) preserved A 2 on ly  C 2 p reserved
F ig u re  3.4 Sym m etry Species of D im ethy le ther V ibra tions
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The coordinates x' are then multiplied by the transformation matrix of one of the sym­
metry elements to generate some new coordinates x". If the atoms of the 
transformed geometry, x" overlay those of the untransformed, xT then the symmetry 
element has been preserved. However, if the symmetry element is not present in the 
displaced coordinates (x'), the geometries will not overlay each other exactly. The 
program tests each of the vibrational frequencies of the molecule for all of the sym­
metry elements present in the point group.
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Determination of Forcefield Parameters
4.1 Optimisation Methods
The performance of a valence forcefield, that is, the reliability of its predictions, is crit­
ically dependent on the values of the parameters used. For this reason, a great deal 
of care must be taken in the selection of parameter values. The process of determin­
ing suitable forcefield parameters is often referred to as parameterisation
The overall objective in deriving a forcefield is to find a small set of parameters 
which is sufficient to reproduce experimental results. As mentioned in Chapter 2, 
parameterisation may take one of two forms: optimisation by inspection,1 or a rather 
more systematic least-squares optimisation method.2*3 The latter method is certainly 
better when large numbers of parameters are being optimised to many observables 
simultaneously, as the relationship between parameters and observables can often 
be too complex for optimisation by inspection alone. This is not to say that least- 
squares optimisation is wholly without problems. Least-Squares methods work by 
minimising the deviation between calculated and experimental properties; which is a 
function of the parameter values. Just as minimising the energy of a molecule can 
result in different minima, depending on the starting geometry, so a least-squares fit 
can result in different optimised parameter sets, depending on the initial parameters 
used.
The preferred parameter set will be the one that gives the lowest overall devia­
tion, but the only way of being sure that the optimal parameter set has been found 
would be to perform least-squares optimisations on every possible combination of ini­
tial parameter values. Obviously, this will not be possible, and in practice we must
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use our own judgement to reduce the scale of the problem. This can take the form of 
selecting ‘reasonable’ initial parameter values, and by optimising parameters a few at 
a time, rather than attempting to optimise all parameters to all observables in one 
step.
The process of parameterisation is very labour intensive, and in the case of this 
work required a great many separate optimisation steps. The order in which parame­
ters are optimised can also be of critical importance, and steps often have to be 
retraced several times over, so that different combinations of optimising the parame­
ters can be tested. For this reason, a blow by blow account of the parameterisation 
will not be given here; instead, we shall first outline the least-squares method and 
then give a description of the general approach used.
Optimisation by least-squares methods, as indicated by the above discussion, is 
not perhaps as objective as it first appears. Another element of subjectivity occurs if 
more than one type of observable is being fitted at the same time. To optimise 
observables measured in different units, say bond lengths and valence angles, a 
judgement has to be made as to how much error in one property is equivalent to how 
much error in the other. A weighting scheme must therefore be applied, which allows 
deviations measured in different units to be properly compared. The weighting 
scheme chosen, also, to some extent, reflects the relative importance being attached 
to fitting each of the observable types.
4.2 The Least-Squares Method
Mathematically, the least-squares method can be formulated as follows.
Let p be a vector whose P components are the forcefield parameters Pj to be optim­
ised; and Ay be a vector with the Y differences between the experimental data y°bs 
and their calculated counterparts y\\ thus Ay = y - y obs.
[Note that there are Y known values (yfbs) and P unknowns ( P j ) .  P must be less than
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or equal to Y, otherwise the problem will be underdetermined.]
The relationship between the y; values and the pj values can be expressed as a Tay­
lor series, truncated after the linear term.
yi(p+5p) = yj(p) + E -^-S p i Eqn.4.1
j=1 °Pj
In matrix notation, this becomes
y(p+8p) = y(p) + Z8p Eqn.4.2
where Z is the Jacobian matrix with elements Zjj = 3yj/3pj. Subtraction of yobs (the 
vector containing the experimental data) from both sides of this equation gives
Ay(p+8p) = Ay(p) + Z8p Eqn. 4.3
(As Ay was defined above as y - y obs.)
Since Equation 4.1 is a truncation of the Taylor series, and therefore only an approxi­
mation, 8p represents only improved differences in p, and not optimal ones. The pro­
cess of determining 8p must therefore be iterated until the condition
Y




is satisfied. (Equation 4.4 represents the sum of the squares of the deviations.) In 
vector notation, this becomes
AyT(p+5p)Ay(p+8p) = minimum Eqn. 4.5
If the observables are weighted (as discussed in the previous section) the function to 
be minimised is finally
AyT(p+5p)WWAy(p+5p) = minimum Eqn. 4.6
where W is a diagonal matrix with the weights of the observables. This function will 
be a minimum when the first derivative (with respect to 5p) is zero:
85pA
[AyT(P+8p)WWAy(p+8p)]p=p<l = 0 Eqn. 4.7






/  \  
9Ay(p+5p)
aspA
= 0 Eqn. 4.8
' P a
Since the two terms in Equation 4.8 are equal, it may also be written
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f  T3AyT(p+5p)
38pa WWAy(p+5p) = 0
Eqn. 4.9
' P a
The partial derivative in this equation is equivalent to the transpose of the Z matrix 
evaluated at p=pA (since Zy = 9yj/3pj). Thus
2 ZjWWAy(p+6p) = 0 Eqn. 4.10
Substituting Ay(p+8p) from Equation 4.3; and also putting W2 = WW gives
2 Z jW 2(Ay(p) + ZASp) = 0 Eqn. 4.11
Finally, rearranging to get 5p
5p = -  (ZjW 2ZAr 1 ZaW2 Ay(p) Eqn. 4.12
5p is the improved differences in p, and the new parameter set for the next iteration is 
then simply
Pnew — P + Sp Eqn. 4.13
The time consuming part of the calculation is the computation of the Z matrix. The 
elements of this matrix are computed partly numerically and partly analytically, as 
described by Lifson and Warshel.2 The Z-matrix elements are particularly useful in
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themselves, because they give a quantitative measure of the influence of parameter 
pj on the calculated observable yj (Zy = 3yj/3pj). A parameter can be removed from 
the optimisation if its influence on all y; values is small enough, since it will be of little 
help in achieving the fit. The elements of the Z-matrix also give information about the 
relative importance of each parameter, and are especially useful in determining the 
order in which parameters should be optimised.
4.3 Parameters Included in the Optimisation
It should be initially stressed than the non-bond parameters (qj, and rjj*) were not 
optimised in this work. Instead, the values for these parameters were transferred 
from the VFF forcefield, where they had been originally derived from least-squares fit­
ting to crystal properties.4*6 A discussion of the non-bond parameters is made in the 
next chapter, where their applicability to carbohydrates and carbohydrate model com­
pounds is demonstrated.
Parameters that were fitted in this study were the ‘internal’ parameters; that is, 
those relating to the energy terms of the forcefield equation (3.1) that depend on the 
internal coordinates, b, 0 and <J>. Initial values for the internal parameters were 
transferred from similar parameters in the VFF forcefield7 in almost all cases. The 
cross term force constant parameters, however, were given initial values of zero, as 
were the values of V! and V2.
All of the internal parameters were fitted, with the following exceptions:
(i) Parameters relating to the C-H bond (Kb, a, and b0). These were left at their 
initial VFF-values, which had originally been taken from Lifson’s hydrocarbon 
forcefield.8
(ii) The values of the a parameters were not fitted since they were found to be too 
highly correlated with the corresponding Kb values. (These parameters both 
affect bond ‘stiffness’.) They were therefore left at their initial (VFF) values,7
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and only the Kb values were optimised.
(iii) Where possible, cross terms were left at their initial zero values. They were only
optimised when it was impossible to get a good fit to experiment without them.
4.4 Data Used for Optimisation
In principle, almost any experimental observable can be included in the least-squares 
optimisation process. In practice, however, we used only two types of data - molecu­
lar geometry and vibrational frequencies.
Conformational energy differences (and rotational barriers) were not used as 
least-squares observables for several reasons. Although calculation of these quanti­
ties is relatively simple (see Chapter 3) the construction of the Z-matrix presents spe­
cial problems. This is because these observables relate to differences between two 
calculations, and therefore each Z-matrix element would have to ‘belong’ to two cal­
culations. Rasmussen has also commented on the difficulties involved in calculating 
such a Z-element.9 Other observables (for example a bond length, or a vibrational fre­
quency) can be obtained from a single calculation and do not, therefore, give the 
same problem.
An equally important problem with conformational energies, however, is that 
there is generally only one such observable per molecule, dependent on a large num­
ber of parameter values. As stated in the discussion of the least-squares method, the 
number of observables has to equal or exceed the number of parameters for the 
parameter values to be determinable. Therefore, the inclusion of conformational 
energies in the least-squares optimisation will do little to assist in determining specific 
parameter values.
By contrast, molecular geometry and vibrational frequencies are ideally suited to 
parameter optimisation. There are generally many such observables per molecule, 
and the relationships between individual observables and specific parameter values is
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reasonably straightforward. The procedure used in fitting the forcefield parameters 
was therefore to fit them in the first instance to molecular geometry and frequency 
values, and then to use conformational energies and rotational barriers as a check on 
the resulting parameter sets. Any large discrepancies could then be adjusted by the 
slight modification of relevant parameters, and occasionally the introduction of non­
zero V) parameters (see Chapters 6 & 7).
Because only two types of data were used in the least-squares optimisation, the 
problem of weighting did not prove difficult to resolve. By inspection of the initial 
Z-matrix elements, it was found that the b0 and 0O parameters were found to influ­
ence molecular geometry far more than the vibrational frequencies, while the opposite 
was true for the force constant parameters. The result was that, in most cases, b0 
and 0O could be fitted to structural data, and force constants to vibrational data, in 
separate optimisations. Thus, the need for weighting between vibrational frequencies 
and geometrical values did not arise.
In the fits to structural data, both bond lengths and bond angles were included in 
the same optimisations. In this case, the deviations in bond lengths were weighted 
by a factor of 250, so that deviations of 0.01 A in a bond length were equivalent to 
deviations in valence angles of 2.5°.
In fitting a forcefield, it is obviously necessary to have in mind some criteria for 
judging whether of not the fit to experimental data is good enough. This is something 
that is very difficult to decide beforehand, since a feel for what can be achieved only 
comes with experience. After our initial fits to hydrocarbons, however, we considered 









Although these criteria are on occasion exceeded, they provided a frame of reference 
for the remainder of the forcefield development. It should be noted that average devi­
ations are less than half the above values.
4.4.1 Fitting Vibrational Frequencies
Some aspects of fitting vibrational frequencies deserve special comment. For the 
optimisations to vibrational data, all frequencies were fitted except those above 2000 
cm-1. Frequencies above this are the C-H and O-H stretching frequencies; and 
these were not included because they are of little importance in determining confor­
mational motions. The parameters for these bonds (Kb, b0 and a) were therefore 
transferred from the VFF7 and were not adjusted further.
All fitted frequencies were given a weighting of 1.0 in the least-squares optimisa­
tion process, apart from doubly degenerate frequencies which were each weighted
0.5 (since the frequency of degenerate modes, although applicable to more than one 
vibration, can still only be regarded as one observable).
In fitting vibrational frequencies, the molecules were first minimised using the ini­
tial parameter set and the normal modes calculated. The symmetries of the normal 
modes were then determined using the program described in Section 3.6.1. Knowing 
the symmetry species of the normal modes enabled the correspondence between the 
calculated normal modes and the experimental frequencies to be established.
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As we have seen, the least-squares procedure works by an iterative method, 
changing the parameter values on each iteration. Each iteration therefore gives rise 
to a new set of normal modes slightly different to those of the previous iteration. 
Unfortunately, the least-squares program has no way of identifying a particular normal 
mode, other than by ordering the normal modes in order of frequency and using the 
place of the normal mode in this order to identify it. A problem arises however when 
two normal modes are close in frequency, as a small change in the potential parame­
ters can reverse the order of their frequency values in the next iteration. This would 
have resulted in the fitting of the wrong normal modes to the observed frequencies 
and a mechanism for identifying normal modes that have ‘crossed over’ was therefore 
required.
The method developed relies on the premise that only small changes in parame­
ter values will occur between successive iterations and so the normal modes gen­
erated will also change only slightly. It is therefore a matter of finding out which nor­
mal mode of the previous iteration is most similar in terms of molecular motion to 
each of the normal modes in the current iteration. This can be accomplished by con­
sidering the dot products between normal modes as follows. Normal modes of one 
iteration are all orthogonal to each other and the dot product between any two is 
therefore zero. Conversely the dot product of a normal mode with itself is unity. In 
the /cth iteration therefore, for the normal mode x* :
k  k
Xj -Xj =  1
k  k  _
Xj -Xj =  0
It follows therefore that for a given normal mode; its dot product with the most similar 
normal mode from the previous iteration will be approximately one, while its dot prod­
uct with all the other normal modes will be approximately zero.
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Thus by determining the correspondence between the experimentally observed fre­
quencies and the normal modes generated by the initial values of the potential param­
eters, the least-squares procedure will automatically ensure that the observed fre­
quencies are fitted to the correct normal modes in successive iterations. Brady et al. 
have used a similar method to find a correspondence not between normal modes of 
successive iterations, but between normal modes calculated by different forcefields.10
4.5 Sequence of Optimisation
The optimisation process was made in several stages. Firstly, parameters involving 
only C and H were fitted to experimental data on hydrocarbons. These were then 
assumed to be transferable for use with ether molecules, and the ether model com­
pounds were then fitted by optimisation of those parameters involving O only. The 
resulting parameters were then transferred to acetals, and the data for acetals were 
then fitted by optimisation of the anomeric parameters (those involving the O-C-O 
fragment) only. Alcohols were also fitted by the same process (i.e optimisation of the 
hydroxyl parameters only) although the ether C -0  parameter b0 was not found to be 
sufficiently transferable for use with alcohols (see Chapter 6) and a separate b0 value 
for alcoholic C -0  bonds was required.
The general strategy in fitting each class of compounds was first to optimise 
only the diagonal parameters (i.e. those pertaining to the diagonal terms, as opposed 
to the cross terms). Cross terms were only fitted were the diagonal terms alone could 
not reproduce experiment. They were found to be particularly necessary in the repro­
duction of vibrational frequencies, an observation also made by Ermer.3
-65-
4.6 Final Parameter Values
The final parameter values are given in Appendix I. All the calculations reported in
the present work were performed using these parameter values.
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Calculations on crystals were made in order to evaluate the non-bond energy param­
eters. These were taken from previous calculations on alkanes,1 amides and car- 
boxylic acids,2-5 in which they were optimised by a least-squares fitting procedure to 
reproduce crystal structures, dipole moments and sublimation energies.
The forcefield that developed from those earlier studies (the VFF6 ) is currently 
used by other workers in this laboratory in the study of peptide and protein conforma­
tion. Our reasons for not re-optimising the non-bond parameters for carbohydrates 
are twofold. Firstly they are found to give sufficiently good results for the selected 
model compounds as they stand (as outlined later in this chapter) and secondly to 
maintain consistency with the VFF. This consistency will enable us in future to incor­
porate the carbohydrate parameters and functional forms developed in this work into 
the VFF in order that protein-carbohydrate interactions may be modelled successfully.
Non-bond interactions are important because they are generally considered to 
be the determining factor in the conformation of large flexible molecules like carbohy­
drates. The non-bond parameters will therefore be critical to the performance of the 
forcefield when applied to these systems.
A good test of non-bond parameters is their ability to reproduce the structure 
and properties of crystals, as crystal packing is mainly determined by intermolecular 
non-bond interactions. Crystals also have two other particular advantages with 
regard to forcefield calculations: firstly, a vast range of experimental data is available,
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as many crystal structures have been determined; and secondly, these structures are 
known to very high degree of accuracy. This accuracy means that the intermolecular 
interactions can be determined in detail, as the atomic positions within the crystal are 
known with great precision.
5.2 The Crystal Forcefield
The method used for modelling crystal structure in this work was the same as that 
reported by the Lifson group in their studies on carboxylic acids and amides.3'5 The 
intermolecular energy of the crystal (the lattice energy) is approximated by a sum of 
pairwise inter-molecular atom-atom interactions with the molecules treated as confor- 
mationally rigid (thereby neglecting intra-molecular interactions). The crystal force­
field therefore consists of only the van der Waals and electrostatic terms from Equa­
tion 3.1, summed over the intermolecular interactions:-







Note that there is no specific term to account for hydrogen bonding, which is 
considered by this forcefield to be a wholly electrostatic interaction. That this was 
sufficient for reproducing hydrogen bonded crystal structures was one of the major 
findings of the work by Lifson2-3 and is in broad agreement with the results presented 
in this chapter. The essentially electrostatic nature of the hydrogen bond is not a new 
concept and was emphasised by Coulson and Danielsson as early as 1954.7
The values of the nonbond parameters r*H and £j, are given in Table 5.1. These 
parameters are used for interactions between atoms of the same type. The
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combination rule used for two different types of atoms i and j is
r jj =J4(r jj+r jj) and ey
Note that the r*n and ejj parameters for the hydroxyl hydrogens are set to zero in 
Table 5.1. These values were chosen by Lifson’s group because optimisations of 
these parameters to carboxylic acid crystals gave such large standard deviations that 
no meaningful values could be assigned to them.3 The justification made for ignoring 
the van der Waals interactions of these hydrogens is that, in calculations of electronic 
distributions of X-H diatomic molecules, the ‘size’ of the hydrogen decreases signifi­
cantly with the electronegativity of X. For highly electronegative X atoms (like oxy­
gen) the electronic distribution is approximately spherical around X - and the hydro­
gen is now so small that it can be neglected.8
Table 5.1 Non-Bond Parameters3
Atom Type r*ii qi
C 4.35 0.039 See text
O 3.21 0.228 -0.38
H(-C) 2.75 0.038 +0.10
H(-O) 0 0 +0.35
a r*n values are in A, ^  values in kcal/mol.
Partial charge values (q,) for the O, H(-C) and H(-O) atoms were again taken from the 
amide and acid optimisations. Charges on carbon atoms were selected to give elec­
troneutrality by balancing the charges on their substituent atoms. Thus the partial 
charge value (qc ) for a given carbon is determined by
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qc = 0.19 nQ + 0.03 n0H -0 .10nH
where n0 , n0H and nH are the number of ether oxygens, hydroxyl groups and hydro­
gens bonded to the carbon atom respectively. This is a similar approach to the one 
used by the Lifson group, who assumed electronegativity of the constituent functional 
groups of their model compounds.
Although not directly related to the crystal simulations, a discussion on dipole 
moments has been included at the end of this chapter (Section 5.5). Dipole moments 
are a direct indicator of charge distribution within the molecule and are therefore 
closely related to the selection of q-, values.
5.3 The Crystal Model
The crystal model is generated by considering a single unit cell (which may contain 
more than one molecule) in the centre of a three dimensional array of identical unit 
cells. The sums in Equation 5.1 are made over the intermolecular non-bond interac­
tions between each atom in the unit cell and all other atoms in the crystal model 
within a specified cut-off range.
The greater the cut-off range, the more time-consuming will be the calculation, 
as a larger number of pairwise interactions will have to be computed. On the other 
hand, too short a cut-off range may mean that some interactions longer than this dis­
tance, but nevertheless having an important contribution to the lattice energy, will be 
neglected. This would result in an inaccurate summation limit of the lattice energy (E 
in Equation 5.1). In order to maintain accuracy, the value of the cut-off was therefore 
chosen to be as large as possible within the constraints of practicable computational 
time limits.
In our calculations we used a 15A cutoff, which Kitaigorodsky recommends as 
the necessary value to achieve an accuracy to within 1% for the summation limit of
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the lattice energy.9 In fact, the cut-off is applied in such a way that, if any atom of a 
molecule is within 15A of the unit cell, the entire molecule is included. Thus the effec­
tive cut-off is significantly larger than 15A. Typical CPU expenditure for crystal minim­
isations using a cut-off range of 15A on our computer (a DEC Micro VAX II) were 
between 10 and 12 hours. The nine different crystal structures studied therefore 
required a total in the region of 100 hours of CPU time.
In crystal simulations by Rasmussen,10 convergence acceleration methods are 
used which reduce the computational time required. These allow a smaller cut-off 
distance to be used while still maintaining accuracy in the summation limit. For a 
more exhaustive study than the one reported here, this technique may be of assis­
tance in keeping the computational cost within reasonable limits. However, in this 
instance the small number of crystal minimisations carried out did not justify the pro­
gramming effort required to implement it in our program.
The total intermolecular energy of the lattice, given by Equation 5.1, is minim­
ised with respect to the three rotational and three translational coordinates of each 
molecule in the unit cell, as well as the nine Cartesian components of the three unit 
cell vectors. The total number of variables is therefore 6n+9, where n is the number 
of molecules per unit cell. This is reduced to 6(n-1)+9 variables by fixing one of the 
molecules in space and allowing the others to move relative to it; thus removing the 
six rotational and translational degrees of freedom of the lattice as a whole.
In each iteration of the minimisation, the forces acting on each molecule of the 
central unit cell are computed and the molecules moved accordingly. The new coor­
dinates of the unit cell are then used as a template to generate the new three dimen­
sional array of unit cells to be used in the next iteration.
The minimisation algorithm implemented in the crystal minimisation program is 
of the quasi-Newton type described in Chapter 3.
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5.4 Crystal Simulations of Model Compounds
Carbohydrate molecules can be considered as a combination of methylene groups, 
ether oxygens and hydroxyl groups. The model compounds selected for crystal simu­
lation were therefore chosen to reflect the non-bond characteristics of these individual 
structural units:
Alkanes Cyclohexane,11 n-Octane12
Ethers Diethylether,13 1,4-Dioxane (phases I & II),14 Trioxane15
Alcohols Ethanol16
Carbohydrates a-D-Glucose,17 p-D-Glucose18
These crystals exhibit a range of crystal packing forces, extending from hydro- 
carbon-hydrocarbon interactions through to crystals with extensive hydrogen bonding. 
The two glucose crystals were included as representative carbohydrate crystals.
The initial unit cell geometries were taken from x-ray structure determinations in 
all cases except a-D-glucose, which was taken from a neutron diffraction study. The 
unit cell dimensions, space group and coordinates of the asymmetric units for these 
crystals were obtained from the Cambridge Crystallographic Database. The coordi­
nates of the complete unit cells were then generated using the interactive computer 
graphics package INSIGHT.19 This package has a facility for constructing the unit cell 
from the asymmetric unit using the symmetry operations of the space group.
In the case of the structures found by x-ray diffraction, the locations of the 
hydrogen atoms (which are inaccurately determined by this method) were calculated 
by minimising the intramolecular energies with respect to the hydrogen coordinates 
while keeping all other atoms fixed at their crystallographic positions. This was per­
formed using the DISCOVER molecular modelling package.6 For the trioxane crystal,
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where no hydrogen coordinates were given in the experimental structure, the posi­
tions of the hydrogens first had to be built assuming a standard ‘tetrahedral’ geometry 
about the carbon atoms. The hydrogen positions were then allowed to relax in the 
same manner.
The resulting atomic coordinates of the unit cells were used to construct the 
crystal lattice model, which was then minimised using the method described in the 
preceding section (5.3).
5.4.1 Minimised Crystai Structures
Disregarding thermal motions of the atoms, an experimental crystal structure relates 
to the true minimum energy geometry of the crystal. Because the experimental struc­
ture is used as the initial geometry for the calculation, a measure of the performance 
of the forcefield is therefore how little the crystal model has changed on minimisation.
The success of the potential energy parameters was judged by their ability to 
reproduce a variety of structural properties. These were the unit cell parameters 
(a,b,c,a,p,Y), unit cell volume, and short-range interatomic distances. Hydrogen bond 
lengths were also considered for those molecules containing hydroxyl groups.
The experimental and calculated unit cell parameters for the nine crystal struc­
tures studied are shown in Table 5.2. The table also shows the deviation of the unit 
cell parameters from those experimentally observed. We have chosen to express the 
deviations of the unit vector lengths (a,b and c) in terms of a percentage; the reason 
being that the unit cells vary a great deal in size across the nine crystals, and there­
fore absolute deviations (in A) do not give a good indication of the relative perfor­
mance of the model from one crystal to another.
Deviations in unit cell vector lengths can be seen from Table 5.2 to vary from 
0.7% to -5.6% (with an average of 2.5%). Similarly, the unit cell angles show devia­
tions ranging from -0.8° to -8.3° (with an average of 2.3°).
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Table 5.2 Comparison of Experimental and Calculated Unit Cell Parameters3
Crystal ub a b c a P Y
Cyclohexane Expt. 11.23 6.44 8.20 90 108.8 90
4 Calc. 11.43 6.39 8.34 90 107.7 90
(C2/c) Dev. +1.8% -0.8% +1.7% - -1.1 -
n - Octane Expt. 4.22 4.79 11.20 94.7 84.3 105.8
1 Calc. 4.18 4.52 10.98 92.9 83.5 104.4
(p i) Dev. -0.9% -5.6% -2.0% -1.8 -0.8 -1.4
Diethylether Expt. 11.81 8.07 10.85 90 90 90
8 Calc. 12.13 8.13 10.42 90 90 90
(P212121) Dev. +2.7% +0.7% -3.9% - - -
1,4-Dioxane Expt. 4.58 9.18 5.82 90 99.6 90
phase I 2 Calc. 4.33 8.70 6.09 90 91.3 90
(P2f/n) Dev. -5.5% -5.2% +4.6% - -8.3 -
1,4-Dioxane Expt. 5.74 6.51 6.14 90 100.2 90
phase II 2 Calc. 5.78 6.31 6.48 90 102.4 90
(P21/n) Dev. +0.7% -3.1% +5.5% - +2.2 -
Trioxane Expt. 9.32 9.32 8.20 90 90 120
6 Calc. 9.57 9.48 8.26 92.0 90.0 120.3
(R3c) Dev. +2.7% +1.7% +0.7% +2.0 0.0 +0.3
Ethanol Expt. 5.38 6.88 8.26 90 102.2 90
4 Calc. 5.27 6.78 8.42 90 101.4 90
(PC) Dev. -2.0% -1.5% +1.9% - -0.8 -
a-Glucose Expt. 10.37 14.85 4.97 90 90 90
4 Calc. 10.28 14.53 4.95 90 90 90
(P212121) Dev. -0.9% -1.8% -0.4% - - -
p-Glucose Expt. 9.20 12.64 6.65 90 90 90
4 Calc. 9.63 12.36 6.41 90 90 90
(P 212121) Dev. +4.7% -2.2% -3.6% - - -
a Distances in A, Angles in degrees 
6 n  = Number of molecules per unit cell
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The experimental errors arising from an x-ray structure determination are much 
smaller than these values. Estimated standard deviation values for the unit cell 
dimensions are quoted for each experimental structure and these equate to experi­
mental errors of only a fraction of a percent. Another measure of the accuracy of a 
crystal structure is the discrepancy index (or R factor), which for the crystals studied 
varied from 0.028 to 0.110. A low value of R indicates an accurately determined 
structure, and values below 0.1 are considered good by present standards.20
There were no symmetry constraints imposed during the minimisation process, 
although the symmetry of the crystal space group was present in the initial lattice 
geometry. In all cases except one (trioxane), this symmetry has been maintained in 
the minimised structures. Theoretically, any existing symmetry should be preserved: 
minimisation operates by moving the molecules in accordance with the forces acting 
on them (3E/3xj). Since these forces will also display the symmetry of the lattice; 
overall crystal symmetry will be maintained.
Why the trioxane crystal should lose its symmetry is a more difficult question. 
The initial crystal structure is hexagonal (a=b*c, a^p=90‘ , y=120’ ) but becomes 
slightly distorted on minimisation. It is likely that the problem is related to the genera­
tion of the unit cell coordinates from the asymmetric unit. The symmetry operators for 
the space group of Trioxane (R3c) involve transformations containing a recurring dec­
imal number in the transformation matrix (i.e. translation by 1/3 of a unit cell). There­
fore truncation errors may have been introduced into the coordinates which would 
have resulted in a loss of symmetry in the initial structure. Once symmetry has been 
lost, minimisation can then proceed to an asymmetric minimum. For all the other 
crystal structures, no such transformation matrices containing recurring decimal num­
bers were required. Hagler et al.5 encountered similar problems of loss of symmetry 
when minimising the crystal structure of butanoic (or butyric) acid.
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Table 5.3 Comparison of Experimental and Calculated Unit Cell Volumes and Aver­
age Change in Interatomic Distances (|Ad|) on minimisation.




Cyclohexane 561 580 +3.4% 0.11
n-Octane 216 199 -7.8% 0.60
Diethylether 1034 1027 -0.7% 0.18
1,4-Dioxane (phase I) 241 230 -4.6% 0.29
1,4-Dioxane (phase II) 226 231 +2.2% 0.14
Trioxane 617 647 +5.0% 0.19
Ethanol 299 295 -1.3% 0.12
a-D-Glucose 766 739 -3.5% 0.14
p-D-Glucose 774 764 -1.3% 0.14
Table 5.3 shows the change in unit cell volume (AV) on minimisation. The unit 
cell volume is merely a function of the unit cell parameters and does not provide any 
additional information as such. It does, however, provide a rough indication of how 
much the crystal has expanded or contracted on minimisation. Again, deviation is 
expressed as a percentage of the experimentally observed volume. Errors in the cal­
culated structure range from -0.7% to -7.8% in the worst case (n-octane). The overall 
average deviation in unit cell volume is 3.3%.
Another quantity |Ad|, is given in Table 5.3. This represents the mean of the 
absolute differences, |rexpti-J'caicdl. between the interatomic distances of less than 4A  
in the experimental structure. Its units are in A and a small value represents a good 
fit to experiment. The |Ad| values in Table 5.3 are all much larger than might be
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explained by experimental error. Generally, in crystal structure determinations for 
molecules of this size, interatomic distances are accurate to within 0.01 A.20 The 
worst agreement is again in the case of n-octane which shows a |Ad| value of 0.6A. It 
is interesting to note that the best agreement is for cyclohexane, the other hydrocar­
bon crystal tested. Why this disparity should occur is uncertain, as both crystals dis­
play the same types of non-bond interactions (ie. C-—C, H—H, C— H).
For the two carbohydrate crystals however (the class of compounds for which 
this forcefield is ultimately aimed) the |Ad| values are encouragingly small (0.14A in 
both cases).
A comparison of these calculations with the previous ones by Hagler, Dauber 
and Lifson (HD&L) is made in Table 5.4. The figures shown for the HD&L calcula­
tions are based on the unit cell parameters for the 14 carboxylic acid crystals given by 
the ‘12-6-1 potential’ in reference 5. The quantities A(a,b,c) and A (a ,p ,Y ) are the devi­
ations in unit cell vector lengths and intersection angles respectively. As can be seen 
from Table 5.4, the calculations from this work are shown to compare favourably, hav­
ing similarly low deviations from experimental structure to those of the carboxylic acid 
simulations.
Hydrogen bonding deserves special attention because it is a major feature of 
carbohydrate non-bonded interactions. Table 5.5 shows the deviation in hydrogen 
bond lengths for the three crystals studied in which they occur. The values given in 
the table relate to the 0 -—0  distances rather than the H-—0  distances, because, as 
discussed above, the hydrogen positions are often poorly determined by x-ray. Two 
different length hydrogen bonds occur in the ethanol crystal, due to the fact that both 
the gauche and trans conformations of ethanol are present. For a-D-glucose and 
p-D-glucose, it can be seen that there are respectively 5 and 4 intermolecular hydro­
gen bonds per molecule. In all cases the hydrogen bond distance is shorter in the 
calculated structure than the experimental. This may be due to the neglect of the
- 77-
Table 5.4 Comparison of this work with previous calculations (H,D & L)5
A(a,b,c) A (a ,p ,Y ) AV
Maximum 20.3% 6.2° -8.6%
H.D&L Minimum -0.2% 0.2° -1.2%
Average 4.3% 2.0° 3.8%
Maximum -5.6% -8.3* -7.8%
This Work Minimum 0.7% -0.8* -0.7%
Average 2.5% 2.3° 3.3%
Table 5.5 Interatomic Distances between Oxygen Atoms 
linked by Hydrogen Bonds (A)



































a Devn = Calc - Expt
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van der Waals effects of the hydroxyl hydrogen, or alternatively the qj parameters of
0  or H may be slightly in error. The average shortening is by 0.085A, and this effect 
is probably responsible for the slight contraction seen in the unit cell volume of these 
crystals.
5.4.2 Crystal Lattice Energies
In addition to the structure of the crystals studied, the thermodynamic properties are 
also of interest. The crystal forcefield equation (5.1) gives the total lattice energy as a 
sum of a van der Waals and an electrostatic term. The lattice energies (ETot) of the 
initial and minimised crystal structures together with their van der Waals (EvdW) and 
electrostatic (Eeiec) components are given in Table 5.6. Note that EL, the lattice 
energy per mole, is obtained by dividing ETot by the number of molecules per unit cell.
The lattice energies ETot do not change much on minimisation (generally <4 
kcal/mol) even in the cases where the change in unit cell dimensions is relatively 
large. This ‘shallowness’ of the crystal energy surface was also found for both car­
boxylic acid and amide crystals.4*5 The relative contributions of the electrostatic inter­
actions to the total energy can be seen to increase as the number of ether oxygens 
and hydroxyl groups per molecule increase. The lattice energy for cyclohexane, for 
example, is almost exclusively the result of van der Waals interactions (>99%); while 
in the glucose structures the electrostatic interactions (including hydrogen bonding) 
become the major contributor (>60% of Ejot). This is in agreement with what we 
might intuitively expect when considering the packing forces in lattices of these mole­
cules.
From the lattice energies per mole (EL), some conclusions can also be drawn 
about the relative stabilities of the lattices. The two crystal phases of 1,4-Dioxane are 
shown to differ in terms of intermolecular energy energy by 1.13 kcal/mol, with phase
1 being the more stable. Experimentally, phase II is found to exist at lower
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Table 5.6 Lattice Energies of the Calculated Structures (kcal/mol)
Crystal na Initial Structure 
E e le c  ^ v d W  ^ T o t E e le c
Final Structure** 
EvdW Ejot El

















































a n = Number of molecules per unit cell
b Percentage values show relative contributions of Ee|ec and EvdW to E jot
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temperatures than phase I14 indicating the reverse to be the case. These calcula­
tions take no account of intramolecular strain energy of course, which may stabilise 
phase II with respect to phase I.
a-D-Glucose can also be seen from the table to have a lower lattice energy than 
the p- form by 4.35 kcal/mol. This is probably due to the additional intermolecular 
hydrogen bond observed in the crystal structure of the a- form (see Table 5.5).
5.4.3 Sublimation Energies
Some comparison with experiment may be made for calculated lattice energies by 
considering enthalpies of sublimation of the crystals. Unfortunately, however, the lim­
ited availability and accuracy of this type of thermodynamic data do not allow such a 
comprehensive and reliable comparison with experiment as was made for the structu­
ral properties of the crystals.
A theoretical value for the sublimation energy (AHS) may be calculated from the 
lattice energy per mole (EL) as follows
AHS = Hgas — HS0|jd
= pv + 3RT -  (El + 6RT)
= -E l -  2RT
Here we have assumed Hgas to be given by the ideal gas law and the vibrational 
energy of the crystal to be 6RT. At 298 K the value of 2RT is 1.18 kcal/mol, thus:-
A H g ^ c a i c )  —  E l  1 . 1 8
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In the transition from the solid to the gas phase both geometrical and vibrational 
changes occur because of the removal of crystal packing forces on the molecules. 
This would also make a contribution to the sublimation energy, but since this contribu­
tion is likely to be relatively small (0-2 kcal/mol)21 and little information regarding 
these effects is available, we have chosen to ignore them in our estimations. In the 
case of cyclohexane and trioxane, experimentally determined heats of sublimation 
were available for comparison.22-23 For some of the other crystals, the sublimation 
energy was estimated by adding the heats of melting (AHm) and vaporisation (AHV) 
adjusted to 298 K:-
AHs(expt) = AHm + AHV
AHm and AHV values were taken from the 69th C.R.C Handbook.22
A comparison of these calculated and ‘experimental’ heats of sublimation is 
made in Table 5.7. For the glucose crystals, neither heats of melting or vaporisation 
were available, so no comparison of the calculated AHS values can be made.
As can be seen from the table, the calculated and experimental values differ by 
as much as 4.2 kcal/mol. This is perhaps unsurprising when one considers the 
approximations made in calculating AHs(calc.), and the estimation of AHs(expt.) from 
AHm and AHV values. Experimental errors of the AHS, AHm and AHV values may also 
be partly responsible for these discrepancies. Thermodynamic quantities of this size 
are very difficult to measure with accuracy. This is illustrated by the different litera­
ture values for AHS of Trioxane, which has been determined as 11.60±0.6 kcal/mol 
and 13.50±0.02 kcal/mol in two separate studies.22-24
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Table 5.7 Heats of Sublimation (kcal/mol)
Crystal AHs(calc.) AHs(expt.) Difference Source of AHs(expt.)a
Cyclohexane 11.0 8.9 2.1 Measured AHs
n-Octane 15.6 14.2 1.4 AHm + AHV
Diethylether 11.4 8.7 2.7 AHm + AHV
1,4-Dioxane (phase I) 15.8 11.6 4.2 AHm + AHV
1,4-Dioxane (phase II) 14.7 - -
Trioxane 14.0 13.1 0.9
i
Measured AHs
Ethanol 9.1 10.0 -0.9 AHm + AHV
a-D-Glucose 41.7 - - -
p-D-Glucose 37.3 - - -
a See text for appropriate references
5.5 Dipole Moments
Dipole moments have been calculated from the partial charge parameters in order to 
compare them with experimental values. The dipole moment (|i) is a vector quantity 
related to the distribution of charge within the molecule, and can be calculated from 
the following summation
M- = 2 Xidi
where Xj is the vector denoting the position of atom i and q; is its partial charge.
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Determinations of dipole moments can be made in the gas phase, liquid phase 
and solution, but only gas phase measurements were used for comparison because 
they relate more closely to calculations on an isolated molecule.
The dipole moment of a molecule, being a function of the atomic positions, will 
be dependent on its conformation. Molecules with only a limited number of conforma­
tions were selected for comparison, thereby leaving less uncertainty as to which con­
formation the experimental dipole moment relates.
In general, calculated dipole moments are not particularly accurate as calcula­
tion^ approaches are seldom chosen to give good dipole moments.27 It can be seen 
from Table 5.8 that our forcefield also has limited success. For the hydrocarbons, the 
dipole moments, which are experimentally found to be very small, are even smaller by 
calculation. Ether molecules give the worst results, with dipole moments this time 
overestimated by between 0.33 and 0.69 debyes. The alcohols in Table 5.8 can be 
seen to give the closest agreement with experiment, with most errors less than 0.1 
debye.
5.6 Summary of Crystal Simulations
Although the parameters for the oxygen atom were originally derived for carboxylic 
acid and amide crystals, the non-bond part of the forcefield is found to give a reason­
able account of both the structural and thermodynamic properties of the nine crystals 
modelled. In particular, the properties of the three crystals containing hydrogen 
bonds (ethanol, a- and p-D-glucose) were reproduced well even though the forcefield 
contained no specific term to account for hydrogen bonding. The non-bond parame­
ters have therefore been used throughout this work without further adjustment.
Table 5.8 Comparison of Calculated and Experimental Dipole 
Moments (Debyes).3
Compound Hexpt Mcalc Mcalc Hexpt
Propane 0.084 0.010 -0.074
AButane 0.132 0.017 -0.115
Dimethylether 1.30 1.990 0.69
Tetrahydrofuran 1.63 2.029 0.40
Tetrahydropyran* 1.600 1.929 0.33
1,3-Dioxanec 2.14 2.675 0.54
Trioxane 2.08 2.916 0.84
Methanol 1.700 1.579 -0.121
Ethanol* 1.69 1.579/1.613 -0.11/-0.08
APropanol* 1.66 1.594/1.622 -0.07/-0.04
AButanol 1.640 1.606 -0.034
a Values taken from reference 22 unless otherwise stated.
b See reference 25
c See reference 26
d  Two possible conformers existt for these molecules.
Calculated values are for trans/gauche conformers 
respectively.
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Chapter 6
Application of the Forcefield : Results for Model Compounds
6.1 Introduction
This chapter documents the results obtained by the forcefield when applied to a 
selection of model compounds. The final parameter set used for all the calculations 
reported in this chapter is given in Appendix I. The results presented are arranged 
according to the types of physical property studied. Thus, molecular geometries, 
vibrational frequencies, rotameric energies and conformational energies are each dis­
cussed in separate sections.
Although a full ‘benchmark’ comparison with other forcefields has not been 
made here, some comparisons have been drawn between our results and those of 
the forcefield developed by Rasmussen and co-workers,1*3 which is the most thor­
oughly documented forcefield derived for carbohydrates in the literature.
One class of compound that is absent from this chapter is acetals. These com­
pounds exhibit the anomeric effect, which necessitated the introduction of a new 
cross-term into the potential energy function. As this formed a large area of study in 
its own right, a discussion of the treatment of the anomeric effect, and the results 
obtained for acetals, is left until the next chapter.
6.2 Molecular Geometries
Calculated molecular geometries were obtained by minimisation of initial estimated 
geometries using the minimisation techniques described in Chapter 3. An idealised 
initial geometry was chosen for all the molecules studied, with valence angles set to
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the tetrahedral values of 109.5* and bond lengths set to the following standard values: 
1.53 A (C-C), 1.43 A (C-O), 1.10 A (C-H) and 0.96 A (O-H). Torsion angles were set 
in most cases to either the gauche (±60*) or trans (180°) values. In the case of five- 
membered rings, however, which were initially constructed as planar, torsion angles 
were assigned values of 0’ or ±120’ as appropriate.
In general, the b0 and 0O parameters were fitted to experimental molecular 
geometries, while the force constant parameters were fitted to vibrational frequencies. 
Ten molecules were used in the optimisation of the b0 and 0O parameters; these 
were: ethane, propane, /7-butane, Abutane, cyclohexane, dimethylether, ethyl- 
methylether, 1,4-dioxane, methanol and ethanol.
The minimised molecular geometries (bond lengths, valence angles and torsion 
angles) are given in Tables 6.1 to 6.3, and compared with experimental values. Gas 
phase structural measurements were available for all the molecules studied, although 
they are a mixture of ra°, rg, and ra values (from electron diffraction studies) and r0 
and rs values (from microwave determinations). A discussion of these different defini­
tions of molecular structure was made in Chapter 2.
Some points common to all molecular geometries are pertinent at this stage, 
before looking in more detail at the individual compounds. For all molecules studied, 
the observed symmetry was reproduced in the calculated geometries, even if it was 
not present in the initial structure.
For the most part, the calculated geometries are in good agreement with the 
experiment, showing deviations within our criteria for an acceptable fit (outlined in 
Section 4.4). In general, the largest deviations are seen to occur in C-H bond 
lengths, with a maximum of 0.013 A. These deviations may be due, at least in part, to 
experimental uncertainty: it is known that bond lengths and angles involving hydrogen 
atoms are strongly influenced by rotation-vibration effects and are often imprecisely 
determined,4 hence uncertainties in C-H and O-H bond lengths can be several times
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larger than those for C-C or C-O bond lengths.5'7
It should also be born in mind that structures derived from experimental results 
are often solved subject to assumptions as to symmetry or fixed values of certain 
internal coordinates. This, together with the different types of experimental structures 
used (rg, ra> rQ etc.) may also contribute to some of the larger discrepancies.
6.2.1 Hydrocarbons
Calculated and experimental hydrocarbon geometries are shown in Table 6.1. For all 
the hydrocarbons studied, electron diffraction data was available.
For ethane, an accurate ra° structure has been determined.8 The C-C bond 
length can be seen to be slightly too short by calculation, but the valence angles are 
reproduced well.
The next three molecules in the table, propane, /-butane and neopentane differ 
by the addition of successive methyl groups to the central carbon atom. The increas­
ing steric crowding in these molecules can be seen experimentally to result in an 
increase in the C-C lengths, and this is reproduced well by the forcefield. In /-butane, 
although the C-H bond lengths are in error, the longer methine C-H is predicted by 
calculation. The C-C-C bond angle in neopentane is constrained, by reasons of 
symmetry, to adopt the tetrahedral value (109.5°) in both the experimental and calcu­
lated structures.
/7-Butane is of particular interest because it contains a C-C-C-C torsion that is 
acyclic, and so not constrained by being in a ring. The calculated value for the 
gauche torsion angle (68°) matches that found experimentally (65°) very well indeed. 
Both the gauche and trans rotamers were minimised, as the experimental structure 
corresponds to an average geometry of a mixture of the two rotamers in the gas 
phase. The experimental structure was determined with the following two assump­
tions: firstly, that all three C-C bond lengths were identical, and secondly that the
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Table 6.1 Comparison of Experimental and Calculated Hydrocarbon Molecular Geometries3
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114 .3 /116 .3
180 /68
-0.010
0 .01 1 /0 .0 1 4
0 .0 0 4 /0 .005






























































a Bond lengths are in A, Bond angles in degrees.
b Carbon atom subscripts: m = methyl, s = secondary, t = tertiary, q = quaternary.
c Values are from gas phase electron diffraction studies.
d values in italics indicate the internals which are assumed in the experimental model to
be equivalent throughout the molecule (e.g. all C-H lengths in Propane were assumed 
to be equal9 ). The appropriate calculated values are averaged to facilitate comparison.
e Diff = Calc - Exptl
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gauche  a n d  trans fo rm s  d if fe re d  o n ly  in th e  v a lu e  o f th e  to rs io n  a n g le . T h e  c a lc u la te d  
C - C  b o n d s  a re  ra th e r lo n g  (a v e ra g e : 1 .5 3 7  A  trans ; 1 .5 3 9  A gauche) a n d  c o n tra ry  to  
th e  e x p e r im e n ta l a s s u m p tio n s  are  d iffe re n t, w ith  th e  c e n tra l b o n d  lo n g e r  th a n  th e  te r ­
m in a l o n e s . T h is  is  in  a c c o rd  w ith  h ig h  le ve l b a s is  s e t ah initio c a lc u la t io n s , w h ic h  
a ls o  in d ic a te  a  lo n g e r c e n tra l C - C  b o n d  in n -b u ta n e .14
N o te  th a t o u r c a lc u la te d  v a lu e s  fo r  n -b u ta n e  a ls o  s u g g e s t a  s tre tc h in g  o f th e  
c e n tra l b o n d  on  c o n v e rs io n  fro m  th e  trans to  th e  gauche  ro ta m e r, to g e th e r  w ith  an  
o p e n in g  o f th e  C - C - C  a n g le s . T h is  o c c u rs  d u e  to  an  in c re a s e d  re p u ls io n  b e tw e e n  
th e  tw o  m e th y l g ro u p s  in th e  gauche  fo rm .
T r i- ( f -b u ty l) -m e th a n e  is an  e x tre m e ly  c ro w d e d  m o le c u le  th a t  h a s  b e e n  u s e d  a s  a  
te s t c a s e  fo r  o th e r fo rc e fie ld s  3>15 It w a s  n o t u s e d  b y  u s  in th e  d e r iv a tio n  o f th e  
p a ra m e te rs , b u t w e  h a v e  in c lu d e d  it h e re  to  e x a m in e  th e  a p p lic a b il i ty  o f th e  fo rc e fie ld  









Cq—  C1T1H3 
CmH3
t = te rtia ry 
q = quaternary 
m = m ethyl
tr i-(t-B u ty l)-m ethane
A lth o u g h  th e  s tru c tu re  o f tr i- ( f-b u ty l) -m e th a n e  is fo r  th e  m o s t p a r t  re a s o n a b ly  w e ll 
re p ro d u c e d , th e  c a lc u la te d  C , - C q b o n d s  a re  c o n s id e ra b ly  to o  lo n g  (b y  0 .0 7  A ). O th e r  
w o rk e rs ,3’ 15 h a v e  a c h ie v e d  b e tte r  re s u lts  fo r  th is  b o n d  le n g th , b u t th is  is  p ro b a b ly  d u e  
to  th e  a b s e n c e  o f e le c tro s ta t ic  te rm s 15 (th e  m a in  s o u rc e  o f th e  n o n -b o n d  re p u ls io n  in 
o u r  c a lc u la t io n s )  o r  th e  u s e  o f a  h a rm o n ic  b o n d  p o te n t ia l3 (w h ic h  is s te e p e r  th a n  th e  
M o rs e  p o te n t ia l a t b o n d  le n g th s  fa r  fro m  b 0 ).
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The last two molecules in Table 6.1, cyclohexane and cyclopentane, are model 
compounds for molecules containing six- and five-membered rings. For cyclohexane, 
calculated values are in good agreement with experiment. However, this required 
another atom type (C6) to be specified in the forcefield to account for carbon atoms in 
six-membered rings, as the C-C bond lengths were too long (by 0.02 A) using normal 
carbon atom parameters. The C6 atom type differs from a standard carbon atom in 
that it has a slightly shorter b0 value for its endocyclic bonds (see Appendix I). Other­
wise it is identical to a standard carbon atom (C).
The reason for the over-stretching of the bonds in cyclohexane was due to the 
large non-bond repulsions (van der Waals and electrostatic) that occur between oppo­
site atoms in the ring. Non-bond effects are considered by the forcefield to operate 
between atoms 1,4 to each other (separated by three bonds) or further. There are 
three such 1,4 interactions across a cyclohexane ring (between the three pairs of 
opposite atoms) and the stretching force on the C-C bonds is therefore very large. 
The choice of a shorter b0 as a remedy for this problem does not seem to have 
affected the calculated vibrations adversely, which are shown in Section 6.3.1 to be in 
excellent agreement with experiment.
Apart from the C-C bond lengths, the other structural features are reasonably 
reproduced using standard hydrocarbon parameters, although the slight overestima­
tion of the C-C-C angles leads to a less puckered conformation than found by experi­
ment.
The problem of how 1,4 interactions should be dealt with is not new. Some, like 
ourselves, include both non-bond terms and torsional terms to account for these inter­
actions, while Rasmussen attempts to account for 1,4 interactions by non-bond terms 
alone.1 Another course of action is taken by the authors of the AMBER forcefield,16 
which includes torsional terms but scales 1,4 non-bond interactions by half; although 
the reasons for choosing this scale factor seem rather arbitrary.
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The only structural parameters to have been determined for cyclopentane are 
the C-C and C-H bond lengths, as experimentally no well-defined conformation is 
observed due to pseudorotation.13 The calculated minimum is found to be the C2 (or 
twist form) rather than the Cs (envelope) form, regardless of the initial conformation 
used. Again, we have problems in reproducing endocyclic bond lengths (a problem 
shared by other forcefields3 ). Contrary to cyclohexane, however, the calculated C-C 
bond lengths in cyclopentane are too short. This is because in cyclopentane there 
are no non-bond effects considered between ring atoms (as no two ring atoms are 
separated by more than two bonds). Although not yet implemented, when more 
accurate structural data is available for cyclopentane, there may be a case for the 
generation of another atom type in the forcefield, this time for carbon atoms in a five- 
membered ring, and having a longer b0 value than a standard carbon atom.
6.2.2 Ethers
Minimised geometries of the ether model compounds are shown in Table 6.2. As for 
the hydrocarbons, all experimental data was taken from gas phase electron diffraction 
studies.
A general feature of all the ether molecules is that the calculated C-O-C angles 
are larger than the corresponding experimental ones. This is a general problem for 
forcefields that do not explicitly include lone-pair electrons, as repulsions between the 
lone-pair and bond-pair electrons are not accounted for. These repulsions are partly 
responsible for keeping the C-O-C angle from opening up.
In order to keep the C-O-C angles reasonably close to experiment, we chose a 
small value for the 0o(COC) of 104.0*. An even smaller value could be used to give 
better agreement with experiment, but this would have resulted in a poor fit to the 
vibrational frequencies. The value of 104.0* was therefore chosen as a compromise 
that fits both the geometrical and vibrational data reasonably well. Other forcefields
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T ab le  6 .2  C om parison  o f E xperim en ta l and C a lcu la te d  E ther M o le cu la r G e o m e trie s3
C om pound
D im e thy le the r
In te rna l
C -H
C -O



















c m- o 1.413 1.421/1.423 0.008/0.010
c s- o 1.422 1.419/1.425 -0.003/0.003
C -C 1.520 1.527/1.532 0.007/0.012
C - O - C 111.9 114.6/116.2 2.7/4.3
C - C - 0 109.4 109.2/113.5 -0.2/4.1
c -c -o -c 180/84 180.0/83.1 0/1
ra° (17)
1 ,4 -D ioxane
C -H 1.112 1.107 -0.005
C -O 1.423 1 .424 0.001
C -C 1.523 1 .530 0 .0 0 7
C - O - C 112.5 114.2 1.7
C - C - O 109.2 112.5 3 .3
o -c -c -o ±58 ± 4 9 .3 -9
c - c - o -c ±57 ±50.1 -7
ra (18)
T e trahyd ro fu ran
C -O 1.426 1.421 -0 .0 0 5
C2 —C3 1.535 1.525 -0 .0 1 0C3 -C 4 1.519 -0 .0 1 6
C - O - C 106.4-110.6 106.5 -
C -C -0 104.0-107.5 109.5 -
c -c - c 101.5-104.4 101.1 -
c -o -c -c 1.0-40.5 11.6 -
o - c - c -c 0.9 -37 .5 2 9 .6 -
c - c - c -c 0.0 -35 .4 3 3 .7 -
rg (19)
T e tra h yd ro p yra n
C -O 1.420 1.422 0.002
C -C 1.581 1.580 -0.001
C -H 1.116 1.107 -0.009
C - O - C 111.5 115.0 3 .5
C - C - O 111.8 113.3 1.5
C2 —C3 —C4 108.3 111.7 3 .4
C3 —C4 —C5 110.9 112.4 1.5
c - o - c -c ±59 .9 ± 5 4 .6 -5 .3
o - c - c -c ±56 .9 ± 4 9 .9 -7 .0
c - c - c -c ±52 .5 ± 4 6 .6 -5 .9
ra° (20)
a  B ond  leng ths  a re  in A, B ond  ang les  in degrees.
b  V a lues  a re  fro m  g a s  phase  e lec tron  d iffrac tion  stud ies.
c  V a lues  in italics ind ica te  th e  in te rna ls  w h ich  are a ssu m e d  in th e  e xp e rim e n ta l m odel to
be  e q u iva le n t th ro u g h o u t th e  m o lecu le  (e.g. all C -H  le n g th s  in D im e th y le th e r w e re  a s ­
su m e d  to  be  e q u a l5 ). T h e  app rop ria te  ca lcu la ted  v a lu e s  a re  ave ra g e d  to  fac ilita te
co m p a riso n .
d  D iff =  C a lc  - E xp tl
e C a rb o n  a to m  su b sc rip ts : m  = m ethyl, s = secondary  (m e th y le n e ).
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use s im ila r ly  s m a ll v a lu e s  o f 0 O fo r  th e  C - O - C  a n g le , fo r  m u c h  th e  s a m e  re a s o n s 1 
a n d  e ve n  o n e  fo rc e fie ld  th a t d o e s  in c lu d e  lo n e -p a ir  e le c tro n s  e x p lic it ly  (a s  d u m m y  
a to m s ) u s e s  a  s m a ll 0O v a lu e  o f 104 .1 ° a n d  a  la rg e  K 0 v a lu e ,21 p re s u m a b ly  to  k e e p  
th e  C - O - C  a n g le  s u ff ic ie n tly  c lo s e d .
F o r d im e th y le th e r, in a d d it io n  to  th e  C - O - C  v a le n c e  a n g le , th e  s h o r t C - O  b o n d  
le n g th s  a re  a ls o  s lig h t ly  o v e re s t im a te d  b y  o u r  c a lc u la t io n . T w o  in d e p e n d e n t s tu d ie s  in 
th e  s a m e  y e a r  (1 9 5 9 ) g a v e  v e ry  s im ila r  g e o m e tr ie s  a n d  s o  th e  e x p e r im e n ta l v a lu e s  
a re  u n lik e ly  to  be  in e rro r .5-22
It is  in te re s t in g  to  n o te  th a t, a s  fo r  d im e th y le th e r, th e  O - C ( m e th y l)  b o n d  in e th y l­
m e th y le th e r  is  fo u n d  e x p e r im e n ta lly  to  be  s h o r te r  th a n  o th e r  O - C ( a lk y l)  b o n d  le n g th s . 
It m a y  b e  th a t th e  ‘n o n -m e th y l’ C - O  b o n d s  a re  in fa c t le n g th e n e d  b y  h y p e rc o n ju g a tio n  
o f h y d ro g e n s  1 ,4  to  th e  o x y g e n  th a t  c a n n o t o c c u r  in m e th y l C - O  b o n d s  (F ig u re  6 .1 ) .
a
orb ita l (full)
Oo
C  c
orb ita l (em pty)
F ig u re  6.1
T h is  w o u ld  a ls o  e x p la in  w h y  C - C  b o n d s  a d ja c e n t to  C - O  b o n d s  a re  o fte n  s h o r te r  
th a n  in  h y d ro c a rb o n s , a s  th e  a b o v e  m e c h a n is m  w o u ld  s u g g e s t  a  p a r t ia l d o u b le  b o n d  
b e tw e e n  th e  tw o  c a rb o n s . S im ila r  m e c h a n is m s  h a v e  b e e n  u s e d  to  e x p la in  b o n d  
le n g th  c h a n g e s  in  h y d ro c a rb o n s  w ith  f lu o r in e  h e te ro a to m s  23 a n d  th e  p a ra lle ls  o f th is  
m e c h a n is m  w ith  th e  gauche effect anti th e  anom eric effect w il l b e c o m e  a p p a re n t la te r  
in th is  c h a p te r  a n d  th e  n e x t.
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Although the experimental geometry of ethylmethylether was determined mainly 
by electron diffraction, the two different C-O bond lengths were in fact resolved by 
microwave spectroscopy, as the rotational constants of the molecule depend heavily 
on the relative C-O lengths.17 As in the case of n-butane, the experimental geometry 
was determined by assuming identical bond lengths and valence angles for the 
gauche and irans roiamers. Both rotamers were minimised, and can be seen to com­
pare reasonably well with experiment. In particular, the torsion angle of the gauche 
form is nicely reproduced (the trans form has a torsion value of 180* due to symme­
try). Again, similarly to n-butane, the calculated central C-C bond stretches, and the 
backbone valence angles open, on going from the trans to the gauche rotamer. This 
relieves some of the repulsive interactions between the terminal methyl groups.
The experimental structure for 1,4-dioxane is taken from an old determination 
with fairly large experimental uncertainties (±0.005 A in bond lengths, ±0.5* in valence 
angles).18 1,4-Dioxane also poses additional problems to the other ether compounds 
studied, in that it possesses vicinally disubstituted oxygen atoms. These lead to a 
stereoelectronic effect known as the gauche effect (see Section 6.4.2) which could 
result in distortions not seen in the other ethers. In view of these considerations, the 
deviations in the calculated values for 1,4-Dioxane are not too large.
The last two ether molecules in Table 6.2, tetrahydrofuran and tetrahyd ropy ran, 
are model compounds for the furanose and pyranose rings so commonly found in car­
bohydrates. Tetrahydrofuran, like cyclopentane, is a pseudorotator and so well- 
defined conformations are not observed.19 Regardless of the initial conformation, 
however, the only minimum energy conformation was the C2 form (as was also the 
case for cyclopentane). In the structure determination of Geise et a/.,19 bond lengths 
were proposed for each of the possible conformations (C2 and Cs). The values pro­
posed for the C2 form are therefore used for comparison with the calculated values. 
For the same reasons as those for cyclopentane, the endocyclic bond lengths are
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slightly too short, but the valence and torsion angles generally fall within the ranges 
determined by experiment.
For tetrahyd ropy ran, the calculated structure can be seen from Table 6.2 to 
reproduce the bond lengths well. The slight overestimation of the ring valence angles 
is undoubtably the cause of the errors in the torsion angles, as the ring becomes flat­
ter as the valence angles increase. Overall, however, the structure of tetrahydropy- 
ran is again reasonably well reproduced.
6.2.3 Alcohols
The minimised alcohol geometries and the corresponding experimental values are 
shown in Table 6.3. The only gas phase electron diffraction data available for alco­
hols, to our knowledge, is that for methanol by Kubo and Kimura.5 Microwave struc­
ture determinations for alcohols are both more common and more recent, and it is 
these that we have chosen to use for our comparisons.
When the ether C-O bond parameters were used, the calculated C-O bond 
lengths for the three alcohols (methanol, ethanol and /-propanol) were found to be too 
short by about 0.02 A). This therefore required a further atom type (0 H) relating to a 
hydroxyl oxygen, which has a longer b0 value for the C-O bond than the ether oxy­
gen (O). (Why the C-O bond lengths for alcohols and ethers could not be fitted using 
the same parameters requires some explanation, since experimentally these bonds 
are found to be of very similar length. It is likely that the neglect of van der Waals 
interactions for hydroxyl hydrogens (see Chapters) means that the alcohol C-O bond 
is not stretched by the 1,4 interactions that occur for ether C-O bonds.)
The structure for methanol (with the exception of the C-H bonds; see Section 
6.2) is in good agreement with experiment.
For ethanol, the derivation of the experimental geometry25 deserves some com­
ment. The values for the bond lengths C-H, O-H and angles C-O-H and H-C-H
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Table 6.3 Comparison of Experimental and Calculated Alcohol Molecular Geometries3
Compound Internal Exptl.b,c Calc.c Diff.d Reference
C-O 1.425 1.426 0.001
O-H 0.945 0.943 -0.002
Methanol C-H 1.094 1.107 0.013 ro (24)
C-O-H 108.5 108.5 0.0
H-C-H 108.6 107.3 -1.3
trans/gauche trans/gauche
C-O 1.425/1.427 1.424/1.422 -0.001/-0.005
Ethanol C-C 1.530 1.524 -0.006 ro (25)
C-C-0 107.3/112.4 110.3/110.6 3.0/-1.8
C-C-O-H 180/54±6 180/49 0/-5
C-O 1.434 1.418 -0.016
C-C 1.523 1.527 0.004
O-H 0.956 0.942 -0.014
C-H 1.096 1.106 0.010/-Propanol C-O-H 107 106.3 -0.7 rs (26)
C-C-0 108.7 108.9 0.1
C-C-C 112.3 112.8 0.5
H-C-O-H 56 70 14
a Bond lengths are in A, Bond angles in degrees.
b Experimental values are derived from microwave spectral data.
c Values in italics indicate the internals which are assumed in the experimental model to
be equivalent throughout the molecule (e.g. all C-H lengths in Methanol were assumed 
to be equal24 ). The appropriate calculated values are averaged to facilitate compari­
son.
d Diff = Calc - Exptl
were assumed to be equal to those previously determined for methanol.24 The values 
for the remainder of the geometry were then fitted to the rotational constants found by 
microwave. Both the gauche and trans forms were fitted, with the geometries of the 
two forms considered to differ only in the values of the C-O bond, the C-C-O angle 
and, of course, the C-C-O-H torsion angle.
Experimentally, the C-O bond is found to be slightly longer in the gauche form 
than the trans, although our calculations, like those of Rasmussen,1 give the opposite 
result. This may be due to the attractive electrostatic interactions in both forcefields 
between the methyl carbon and the hydroxyl hydrogen. In addition, the neglect (in
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o u r fo rc e fie ld )  o f v a n  d e r  W a a ls  te rm s  fo r  h y d ro x y l h y d ro g e n s  w ill m e a n  th a t th e  
e x p e c te d  s te r ic  re p u ls io n  b e tw e e n  th e s e  tw o  a to m s , w h ic h  w o u ld  c o u n te ra c t th e  e le c ­
tro s ta t ic  e ffe c ts  to  s o m e  e x te n t, w il l n o t b e  a c c o u n te d  fo r. (T h is  p ro b le m  is a ls o  d is ­
c u s s e d  in S e c tio n  6 .4 .3 , a s  it is a ls o  re le v a n t to  th e  e n e rg y  d if fe re n c e  b e tw e e n  th e  
tw o  ro ta m e rs ) .
T h e  C -C -0 b o n d  a n g le  is  a ls o  fo u n d  to  in c re a s e  b y  5 .1 * in  g o in g  fro m  th e  trans 
to  th e  gauche  fo rm . T h e  c a lc u la te d  v a lu e s  d o  n o t re p ro d u c e  th is , a g a in , p ro b a b ly  
b e c a u s e  th e  s te r ic  re p u ls io n s  b e tw e e n  th e  h y d ro x y l h y d ro g e n  a n d  th e  m e th y l g ro u p  
a re  n o t a c c o u n te d  fo r.
A lth o u g h  n o t in c lu d e d  in th e  p a ra m e te r  d e r iv a tio n , /-p ro p a n o l is  in c lu d e d  h e re  
b e c a u s e  it is th e  s im p le s t s e c o n d a ry  a lc o h o l - a  s tru c tu ra l u n it  v e ry  c o m m o n  in c a r ­
b o h y d ra te s . T h e  v a lu e s  s h o w n  a re  th o s e  fo r  th e  gauche  c o n fo rm a tio n , w h ic h  is  
e x p e r im e n ta lly  fo u n d  to  b e  th e  m o re  s ta b le .27
CH-j H CHo
CH3 c 3 /  CH3 S 3
> - \  H H H
trans  gauche
i-P ropanol
A s s u m in g  th e  e x p e r im e n ta l C-O b o n d  le n g th  to  b e  a c c u ra te , th e  c a lc u la te d  v a lu e  is 
ra th e r  s h o r t .  O th e rw is e , b o n d  le n g th s  a n d  p a r t ic u la r ly  th e  v a le n c e  a n g le s  a re  w e ll 
re p ro d u c e d . T h e  H-C-O-H to rs io n  is  s l ig h t ly  o v e re s t im a te d , a lth o u g h  th is  m a y  b e  
d u e  in  p a r t  to  th e  e x p e r im e n ta l u n c e r ta in ty  in d e te rm in in g  h y d ro g e n  p o s it io n s . T h e  
re la tiv e  s ta b il it ie s  o f th e  gauche  a n d  trans  fo rm s  a re  d is c u s s e d  la te r  in th is  c h a p te r  
(S e c tio n  6 .4 .3 ) .
-  1 0 0 -
6.2.4 Summary of Molecular Geometries
A summary of the differences between calculated and experimental structural data is 
made in Column A of Table 6.4. The figures given in the table are the average abso­
lute deviations for all the bond lengths and valence angles given in Tables 6.1 to 6.3. 
The column headed ‘No. of Internals’ gives the number of each type of bond length or 
angle included in the sample.
Table 6.4 Summary of Geometrical Data : Average Absolute Deviations in Bond 
Lengths and Angles.
A B
Internal No. of Deviation3 No. of Deviation
Internals Internals M&Rb This work0
Bond Lengths (A)
C-C 15(13)d 0.009 (0.004)d 7 0.003 0.003
C-H 15 0.009 8 0.013 0.009
C-O 9 0.005 4 0.002 0.002
O-H 2 0.008
Angles (degrees)
H-C-H 3 1.3 2 0.6 1.3
C-C-C 10 1.4 4 0.7 1.1
C—0 —c 4 2.6 2 1.5 2.1
C-C-O 4 1.3 2 0.8 3.2
C-O-H 2 0.4 1 1.1 0.0
a Determined from Tables 6.1 -6.3
b Deviations for the Melberg & Rasmussen forcefield were determined from calcu­
lated bond lengths and angles given in reference 1 and apply to the following 
compounds: Ethane, Propane, /-Butane, n-Butane (trans), Neopentane, Cy­
clohexane, Dimethylether, 1,4-Dioxane, Methanol, Ethanol.
c This column shows the average deviations for the compounds listed in note b 
given by our forcefield.
d  Excluding Tri-(f-butyl)-methane (which has highly strained C-C bonds).
-  1 0 1  -
The average deviation in C-C bond length is 0.009 A, which seems rather large. 
If, however, the values for tri-(f-butyl)-methane are omitted (which gave an overes­
timated C-C bond length because of steric crowding) the average deviation falls to 
only 0.004 A; a far more reasonable value. The C-O bonds are also reproduced to a 
similar level of accuracy, while the deviations in C-H and O-H bond lengths can be at 
least partly attributed to the large experimental error that arises in these values.
The valence angles are again reasonably well reproduced, although the large 
average deviation in the C-O-C angle is conspicuous, for reasons discussed earlier 
(Section 6.2.2).
Although an exhaustive comparison of our forcefield with others has not been 
carried out, it is instructive to look at how our geometries compare with those of the 
Melberg and Rasmussen forcefield1 which was also developed specifically for model­
ling carbohydrates. In determining their forcefield, Melberg and Rasmussen (M & R) 
used many of the same model compounds as we have used. Column B of Table 6.4 
compares the average deviations for those model compounds common to both stu­
dies. Bond length errors can be seen to be very similar for both forcefields, and 
although the M & R forcefield is generally better at reproducing valence angles, it too 
can be seen from the table to have the greatest deviations for the C-O-C valence 
angle.
It should be noted that the Melberg and Rasmussen forcefield was derived 
largely with the emphasis on fitting structure (rather than vibrational frequencies, rota­
tional barriers and crystal properties as well; as was our intention). In this respect the 
M & R forcefield does remarkably well, especially when considering the simplicity of 
the potential energy function, and the small number of parameters used.
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6.3 Vibrational Frequencies
It is important for a forcefield to be able to reproduce vibrational frequencies reason­
ably well if it is to be used to predict properties concerned with molecular motion. We 
consider vibrational frequencies to be one of the strong points of the forcefield 
described here, and its success is due in large measure to the use of cross-terms in 
the potential energy function.
The force constant parameters were optimised using the least-squares proce­
dure (described in Chapter 4) to fit the vibrational spectra of seven molecules: ethane, 
propane, cyclohexane, dimethylether, 1,4-dioxane, methanol and ethanol. All the 
assigned fundamental frequencies of these molecules (with the exception of the C-H 
and O-H stretching frequencies) were included in the optimisation. The C-H and 
O-H stretching frequencies were not included because they are not important in 
determining conformational motions. The parameters for the C-H and O-H bonds 
(Kb, b0 and a) were therefore transferred directly from the VFF28 and were not 
adjusted further. The worst error in the C-H and O-H stretching region occurs in 
ethane (-79 cm-1) and equates to an error of only 2.7% of the frequency value.
Five other molecules not used in the optimisation of the parameters are included 
here to demonstrate the transferability of the parameters. These molecules are: 
/7-butane, /-butane, diethylether, 1,2-dimethoxyethane and ethylmethylether. The cal­
culated vibrational frequencies for all 12 molecules studied, together with their sym­
metry species and corresponding experimental values are shown in Table 6.5 (1-12). 
The references from which the experimental values were obtained are indicated in the 
table.
Experimental errors for vibrational frequencies are difficult to quantify, but sepa­
rate determinations carried out on the same molecule (see those cited for 1,4-diox­
ane) can often show frequency differences of up to 20 cm-1, or even of 100 cm-1 
where there is a difference of opinion over the assignment of a normal mode. Highly
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flexible molecules present the greatest problems, as often the fundamental modes of 
the particular conformation of interest have to be identified from a complex spectrum 
containing absorptions from all the other conformations present. From these consid­
erations, a low estimate for experimental error would therefore be 15 cm-1.
Quite often, not all the fundamental frequencies are observed experimentally. 
This can occur for a number of reasons: weakly absorbing modes can be obscured by 
stronger modes of a similar frequency, or modes of a particular symmetry species 
may be inactive in IR spectroscopy, or Raman, or both.
We have chosen not to give specific assignments to the frequencies in Table 
6.5, as in all but the most simple molecules the modes are not pure (in the sense that 
they correspond to the motion of a particular internal coordinate) but rather are a 
complex mixture of internal motions. In general terms, however, the deformations of 
the following internal coordinates can be considered to contribute to frequencies in 
the corresponding ranges:
C-C-H, H-C-H 1100-1500 cm '1
C-C, C-O 500-1300 cm"1
C-C-C, C-C-O, C-O-C 300-600 cm"1
Torsions 0-500 cm 1
However, it should be stressed that, even in medium-sized molecules (and especially 
ring systems) a high degree of coupling does occur resulting in impure modes.
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Table 6.5 Comparison of Calculated and Experimental Vibrational Frequencies (cm-1)
1. Ethane (D3d)
Symm. Calc. Expt. Devn.
Eg 2974 2969 5
Eu 2967 2985 -18
Alg 2875 2954 -79
A2U 2862 2896 -34
Eg 1461 1468 -7
Eu 1443 1469 -26
A-lg 1390 1388 2
A2u 1375 1379 -4
Eg 1182 1190 -8
A1g 995 995 0
Eu 834 822 12
A-iu 296 289 7
Experimental data from reference 29.
2. Propane (C^)
Symm. Calc. Expt. Devn.
A1 2974 2977 -3
b2 2973 2973 0
B1 2971 2968 3
a2 2971 2967 4
b2 2956 2968 -12
2900 2962 -62
B^ 2871 2887 -16
A1 2868 2887 -19
b2 1467 1472 -5
B1 1464 1464 0
a2 1460 1451 9
A1 1452 1476 -24
A, 1431 1462 -31
B1 1402 1378 24
1391 1392 -1
1348 1338 10
a2 1303 1278 25
b2 1176 1192 -16
A, 1146 1158 -12
B1 1036 1054 -18
B1 959 922 37
a2 943 940 3
A1 872 869 3
b2 746 748 -2
Ai 369 369 0
b2 265 268 -3
a2 226 216 10
Experimental data from reference 29.
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Table 6.5 (continued)
3. n-Butane (trans) (C2h)
Symm. Calc. Expt. Devn.
Ag 2973 2965 8
Bu 2973 2966 7
Bg 2973 2965 8
Au 2972 2966 6
Bg 2959 2912 47
Au 2954 2920 34
Ag 2904 2872 32
Bu 2894 2875 19
Ag 2869 2853 16
Bu 2869 2861 8
Ag 1469 1468 1
Au 1466 1459 7
Bg 1462 1455 7
Bu 1454 1468 -14
Bu 1432 1451 -19
Ag 1429 1441 -12
Ag 1413 1377 36
Bu 1389 1378 11
Ag 1380 1360 20
Bg 1362 1303 59
Bu 1296 1291 5
Au 1296 1258 38
Bg 1159 1181 -22
Ag 1140 1150 -10
Ag 1036 1058 -22
Bu 1035 1009 26
Au 1005 948 57
Bu 989 964 25
Ag 857 837 20
Bg 815 805 10
Au 716 732 -16
Ag 390 430 -40
Bu 288 267 21
Bg 261 254 7
Au 228 219 9
Au 136 142 -19
Experimental data from reference 30 
(values in italics are from reference 
31).
4. /-Butane (C3v)
Symm. Calc. Expt. Devn.
Ai 2974 2965 9
E 2974 2958 16
E 2971 2951 20
a2 2969 - -
Ai 2919 2904 15
E 2872 2879 -7
• A, 2871 2879 -8
E 1484 1475 9
At 1481 1468 13
E 1458 1459 -1
a2 1450 - -
E 1421 1365 56
At 1408 1389 19
E 1345 1330 15
At 1186 1189 -3
E 1178 1166 12
a2 1033 - -
E 972 961 11
E 954 913 41
At 830 796 34
At 434 433 1
E 371 367 4
E 264 - -
a2 249 - -
Experimental data from reference 32 





Symm. Calc. Expt. Devn.
Alg 2970 2938 32
Eu 2965 2932 33
a2u 2963 2934 29
Eg 2962 2926 36
A-|g 2912 2853 59
Eu 2907 2863 44
Eg 2900 2855 45
A2u 2895 2855 40
Alg 1449 1451 -2
Eu 1443 1454 -11
Eg 1439 1444 -5
A2u 1436 1454 -18
Aiu 1386 - -
Eu 1373 1350 23
A2g 1369 - -
Eg 1365 1348 17
Eg 1287 1267 20
Eu 1272 1259 13
A-iu 1163 - -
Alg 1150 1157 -7
A2g 1132 - -
Am 1052 - -
Eg 1022 1029 -7
Eu 938 905 33
A2u 873 - -
Eu 858 862 -4
Alg 811 802 9
Eg 772 785 -13
A2u 532 524 8
Eg 473 425 48
A1g 376 383 -7
Eu 247 248 -1
6. Dimethylether (C2v)
Symm. Calc. Expt. Devn.
Ai 2977 2995 -18
Bi 2970 2995 -25
b2 2968 2930 38
a 2 2966 - -
Bi 2869 2820 49
Ai 2867 2820 47
b2 1480 1462 18
Bi 1477 1464 13
a 2 1464 - -
Ai 1457 1473 -16
Ai 1446 1452 -6
Bi 1434 1449 -15
Ai 1262 1248 14
b2 1177 1180 -3
Bi 1174 1172 2
a 2 1154 1149 5
Bi 1073 1099 -26
Ai 910 926 -16
Ai 442 422 20
b2 254 242 12
a 2 190 201 -11
Experimental data are average values 
taken from references 29,35,36 & 37.
Experimental data from reference 34.
Table 6.5 (continued)
7. Diethylether (trans-trans) (C2v)
Symm. Calc. Expt. Devn.
Ai 2984 - -
Bi 2983 - -
b2 2980 - -
a2 2980 - -
b2 2954 - -
a2 2952 - -
A! 2896 - -
Bi 2893 - -
A! 2875 - -
Bi 2875 - -
Bi 1492 1484 8
A! 1473 1490 -17
b2 1464 1443 21
a2 1463 1443 20
Bi 1450 1456 -6
Ai 1447 1456 -9
Bi 1399 1383 16
A, 1388 1414 -26
Bi 1365 1351 14
Ai 1357 1372 -15
b2 1352 1279 73
a2 1320 - -
Ai 1228 1168 60
b2 1148 1168 -20
a2 1142 1153 -11
Bi 1135 1120 15
Bi 1079 1077 2
At 1079 1043 36
Bi 943 935 8
Ai 903 846 57
b2 828 822 6
a2 811 794 17
A t 424 440 -16
Bi 411 440 -29
b2 278 245 33
a2 264 231 33
A t 196 208 -12
b2 116 120 -4
a2 99 120 -21
8 .1,4-Dioxane (C2h)
Symm. Calc. Expt. Devn.
Ag 2978 2967 11
Bu 2974 2972 2
Au 2973 2972 1
Bg 2970 - -
Ag 2914 2855 59
Au 2913 2865 48
Bg 2908 - -
Bu 2904 2865 39
Ag 1471 1443 28
Au 1467 1450 17
Bg 1466 1460 6
Bu 1459 1456 3
Bu 1389 1373 16
Ag 1373 1335 38
Bg 1367 1396 -29
Au 1335 1368 -33
Ag 1309 1304 5
Bu 1274 1291 -17
Au 1255 1257 -2
Bg 1238 1216 22
Ag 1153 1127 26
Bg 1149 1109 40
Au 1120 1126 -6
Au 1088 1085 3
Ag 1001 1015 -14
Bu 998 1050 -52
Au 905 885 20
Bu 871 881 -10
Ag 867 835 32
Bg 836 853 -17
Bu 630 611 19
Bg 576 487 89
Ag 489 434 55
Ag 394 424 -30
Bu 276 275 1
Au 266 286 -20
Experimental data are average values 
taken from references 35, 38, 39 & 40.





Symm. Calc. Expt. Devn.
Aq 2973 - -
Bu 2973 - -
Bg 2967 - -
Au 2966 - -
Bg 2964 - -
Au 2958 - -
Ag 2907 - -
Bu 2895 - -
Ag 2867 - -
Bu 2867 - -
Ag 1497 1470 27
Bu 1476 1490 -14
Bg 1472 1450 22
Au 1472 1451 21
Ag 1460 1470 -10
Bu 1460 1460 0
Ag 1442 1450 -8
Bu 1440 1459 -19
Ag 1401 1410 -9
Bg 1373 1270 103
Au 1327 1286 41
Bu 1319 1338 -19
Ag 1257 1208 49
Bu 1226 1210 16
Bg 1165 1155 10
Au 1164 1160 4
.Ag 1103 1138 -35
Bg 1103 1092 11
Bu 1099 1122 -23
Ag 1079 1063 16
Ag 1026 996 30
Bu 954 938 16
Au 808 823 -15
Bu 542 513 29
Ag 370 396 -26
Ag 328 - -
Au 257 - -
Bg 220 - -
Bu 165 - -
Au 146 - -
Bg 136 - -
Au 77 - -
Experimental data from reference 30.
10. Ethylmethylether (tran s) (Cs)
Symm. Calc. Expt. Devn.
A’ 2983 - -
A" 2980 - -
A’ 2974 - -
A" 2967 - -
A" 2953 - -
A' 2894 - -
A’ 2875 - -
A' 2868 - -
A’ 1487 - -
A" 1472 - -
AM 1463 - -
A’ 1462 - -
A’ 1449 - -
A’ 1441 - -
A’ 1390 1394 -4
A’ 1362 1367 -5
A" 1338 1275 63
A’ 1258 1219 39
A" 1165 1175 -10
A" 1144 1149 -5
A’ 1117 1118 -1
A’ 1096 1094 2
A’ 1036 1019 17
A’ 883 855 28
A" 819 820 -1
A’ 454 472 -18
A’ 294 308 -14
A" 276 238 38
A" 214 - -
A" 113 - -




Symm. Calc. Expt. Devn.
A’ 3632 3681 -49
A’ 2968 3000 -32
A" 2967 2960 7
A’ 2864 2844 20
A’ 1460 1477 -17
A" 1443 1477 -34
A’ 1438 1455 -17
A’ 1364 1345 19
A" 1133 1165 -32
A’ 1050 1060 -10
A’ 1030 1033 -3
A" 303 295 8
Experimental data from reference 29.
12. Ethanol (trans) {Cs)
Symm. Calc. Expt. Devn.
A’ 3653 3676 -23
A’ 2979 2989 -10
AM 2977 2989 -12
A" 2955 2949 6
A’ 2895 2943 -48
A’ 2873 2901 -28
A’ 1478 1490 -12
A" 1460 1452 8
A’ 1449 1452 -3
A’ 1420 - -
A’ 1371 1394 -23
A’ 1289 1241 48
A" 1269 - -
A" 1143 1062 81
A’ 1080 1089 -9
A’ 1059 1033 26
A' 906 885 21
A" 817 801 16
A’ 387 419 -32
A” 291 243 48
A" 267 201 66
Experimental data from reference 41.
- 110-
6.3.1 C om parison o f C a lcu la ted  F requenc ies  w ith E xperim ent (Table 6.5) 
H ydrocarbons
Ethane. For ethane, the A1g mode at 995 cm-1 is almost a pure C-C stretch, and is 
reproduced exactly by the calculation. The lowest frequency (A1y: calc. 296, expt. 
289) is the C-C torsion and is reproduced well, as are all frequencies other than the 
C-H stretching modes (>2000 cm-1).
Propane. There are two fairly pure C-C stretching modes in propane that arise from 
the two C-C bonds. These are symmetric (A i: calc. 872, expt. 869) and antisym­
metric (B i : calc. 1036, expt. 1054). The single C-C-C valence angle gives a bending 
mode (Ai) at 369 cm-1 that the calculation reproduces exactly. The two lowest fre­
quencies relate to the symmetric (A2: calc. 226, expt. 216) and antisymmetric (B2: 
calc. 265, expt. 268) torsional modes of the C-C bonds.
n-Butane. The vibrational spectra of this molecule has been resolved into the contri­
butions from the gauche and trans forms. Only the more symmetric trans form is 
considered here. Trans-n-butane was not used in the least-squares optimisation of 
the parameters, but is nevertheless reasonably well fitted by the forcefield.
The C-C stretching modes are rather impure, but the C-C-C bending modes 
can be assigned as the (Ag: calc. 390, expt. 430) and (Ba: calc. 288, expt. 267) fre­
quencies. There are three torsional modes in /7-butane, all in good agreement with 
experiment. The central C-C bond is largely responsible for the lowest frequency 
mode (Au: calc. 136, expt. 142) and the two terminal C-C bonds give rise to the next 
lowest modes (Ayi calc. 228, expt. 219) and (Bg: calc. 261, expt. 254)
i-Butane. In the C3v point group, A2 modes are not observed, being inactive in both 
IR and Raman spectroscopy. The A  ^ mode at 796 cm-1 is slightly overestimated by
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the calculation at 830 cm-1. This mode is basically a symmetric stretch of the three 
C-C bonds. The lowest observed frequency (E: calc. 371, expt. 367) are degenerate 
C-C-C bending modes that are well reproduced.
Cyclohexane. The influence of the endocyclic valence angles of six-membered rings 
on the ring torsions means that the vibrations in cyclohexane are highly coupled and 
assignments therefore difficult to make. The frequency values (again, below 2000 
cm-1) are, however, generally very well fitted by the forcefield.
Ethers
Dimethylether. A number of vibrational studies of dimethylether have been made, all 
with very similar assignments and frequency values.29*35'37 We have chosen an 
average of these frequency values for comparison.
The modes containing the largest C-O stretching contribution are the modes 
(A^ calc. 910, expt. 926) and (B^ calc. 1073, expt. 1099). The C-O-C bending 
vibration is the lowest A  ^ mode (calc. 442, expt. 422). The two lowest modes are the 
symmetric and antisymmetric C-O torsional modes, (A2: calc. 190, expt. 201) and 
(B2: calc. 254, expt. 242).
Diethylether. The vibrational spectra of diethylether has been assigned for two out of 
the three possible conformers (trans-trans and trans-gauche forms)29 The trans- 
trans form is the more symmetrical (C2v) and lowest energy conformer.
The C-O and C-C stretching gives highly coupled vibrations, as do the C -C -0  
and C -O -C  bending. Diethylether was not used in parameter optimisation.
1,4-Dioxane. This molecule was used in the optimisation of parameters and proved
- 112-
one of the most difficult to fit. As for dimethylether, a number of studies have been 
made,35-38-40 and the values in Table 6.5(8) are an average of these frequency val­
ues. The average (absolute) error in frequencies (below 2000 cm-1) is 23.2 cm-1, 
which although reasonable, is the worst case of the ethers studied (see Table 6.6). 
The difficulties in fitting this molecule may be partly attributable to the gauche effect, 
which occurs in gauche O -C-C-O  fragments (see Section 6.4.2). Two of these frag­
ments are present in the dioxane ring.
1,2-Dimethoxyethane. Like 1,4-dioxane, 1,2-dimethoxyethane is a molecule that also 
exhibits the gauche effect. At room temperature, it exists in a mixture of conforma­
tions, with the gauche rotamer about the central bond being the most stable 42 The 
vibrational spectra has been resolved into contributions from four conformational 
forms {t-t-t, t-t-g, t-g-t and t-g-g). The all-trans form has been used for comparison 
with calculation as it possesses the most symmetry. Even though not used in the 
optimisation process, the calculated frequencies are found to be in good agreement 
with experiment in all cases except one. This is the Bg vibration (calc. 1373, expt. 
1270) which is found to be a mostly C-C-H bending mode. It may be that this dis­
crepancy is an error of assignment rather than an error of the forcefield.
Ethylmethylether. Only one torsional mode for ethylmethylether has been observed, 
which according to the calculation is the C-C torsion (A": calc. 276, expt. 238). The 
C-C-O and C-O-C bending is highly coupled and give rise to the symmetric modes 
(A’: calc. 294, expt. 308) and (A’: calc. 454, expt. 472)
A lc o h o ls
There are few well-assigned vibrational studies on alcohols, probably because the
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bent C-O-H fragment means that the symmetry is restricted to a plane of reflection 
(Cs) at most. Only the vibrational frequencies of methanol and ethanol are consid­
ered here.
Methanol. The C-O torsional mode is reproduced well (A": calc. 303, expt. 295) as is 
the C-O stretching mode (A’: calc. 1050, expt. 1060). C-O-H stretching, though 
mixed, contributes most strongly to the A’ vibration at 1345 cm-1 (calc. 1364).
Ethanol. The vibrational spectra of this molecule has been measured in the vapour 
phase and in an argon matrix, and it is best interpreted as fitting the trans form.41 For 
neither of the two torsional frequencies, C-O (A": calc. 267, expt. 201) and C-C (A": 
calc. 291, expt. 243), is the calculated value in good agreement with experiment by 
the standards set for the other molecules studied. Ethanol proved difficult to fit using 
the same parameters for the C-C-O valence angle as the ethers, but without more 
experimental data we were reluctant to introduce a specific set of C-C-O valence 
angle parameters for alcohols.
6 .3 .2  S u m m ary  o f  V ibrational F requenc ies
Table 6.6 shows a summary of the deviations in vibrational frequencies for all the mol­
ecules studied. Only deviations in the skeletal vibrations (below 2000 cm-1) are con­
sidered, and the overall deviations are expressed as an average of the absolute devi­
ation values shown in Table 6.5 (1-12). Table 6.6 is divided into three sections, each 
dealing with one of the three classes of compounds studied; hydrocarbons, ethers 
and alcohols.
Generally, and perhaps not surprisingly, the simplest molecules in each class of 
compound are seen from Table 6.6 to give the best fit to experiment. This occurs for 
two reasons. Being small molecules, the vibrational modes are purer and therefore
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Table 6.6 Summary of Vibrational Data : Average Absolute 









Ethane D3d 8.3 26 8
Propane Cj>v 12.3 37 19
n-Butane C2h 20.5 59 26
AButane C3v 16.9 56 13
Cyclohexane D3d 13.7 48 18
Total (hydrocarbons) 15.5 84
Ethers
Dimethylether C2v 12.6 26 14
Diethylether C2v 21.6 73 28
1,4-Dioxane ^2h 23.2 89 28
Ethylmethylether Cs 17.5 63 14
1,2-Dimethoxyethane C2h 22.9 103 25
Total (ethers) 20.6 109
Alcohols
Methanol Cs 17.5 34 8
Ethanol Cs 30.0 81 13
Total (alcohols) 25.2 21
Total (all molecules) 19.0 214
a These frequencies involve skeletal vibrations only (i.e. all except C-H stretching 
modes).
b Average deviations are calculated from the deviations given in Table 6.5 (1 -12).
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easier to optimise with the force constant parameters. Additionally, because the 
simpler molecules give rise to less complex spectra, the experimental frequency as­
signments will be more reliable.
Of the three classes of compound studied, the hydrocarbons give the best 
agreement with experiment, having an average deviation of only 15.5 cm"1 over 84 
frequency values. This is likely to be due to the absence of lone-pairs of electrons 
(found in ethers and alcohols) which give rise to electronic effects that are difficult to 
account for in valence forcefields of this type.
Ethers formed the largest class studied, with 109 frequencies in total having an 
average deviation of 20.6 cm-1.
Because only two alcohols were included, the relatively poor fit of ethanol, with 
an average deviation of 30.0 cm"1 gives a large overall deviation for the 21 alcohol 
frequencies.
Overall, the total number of frequencies used in the comparison was 214, which 
were reproduced with an average error of 19.0 cm-1. This represents excellent 
agreement when compared to experimental error for vibrational frequencies, which 
(as discussed in Section 6.3) may be in the region of 15 cm"1, or even larger in poorly 
assigned spectra.
Although the Melberg and Rasmussen forcefield1 was not fitted to reproduce vi­
brational frequencies with precision, an indication of the performance of the M & R 
forcefield is given in Table 6.7. Three molecules were chosen, /7-butane, 1,4-dioxane 
and ethanol, that gave the worst results for each class of compound using our force­
field. As can be seen from the table, the M & R forcefield is substantially poorer at 
reproducing vibrational spectra. This is undoubtably due to the absence of cross­
terms from this forcefield, which are recognised to have a large effect on vibrational 
frequencies.43
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a Frequencies below 2000 cm-1 only (i.e. all except C-H stretching modes).
6.4 Rotameric Energies
This section is concerned with the ability of the forcefield to reproduce rotational bar­
riers and rotameric energy differences of individual bonds. Preferences for a particu­
lar rotation about individual bonds have a large influence on the overall conformation 
of large flexible molecules.
Although parameter values were not generally optimised to fit rotameric ener­
gies; occasionally, where a calculated energy difference was too far in error, a value 
of the relevant torsion parameter had to be selected to reproduce the experimental 
value. In the majority of cases, however, this was not necessary and the values 
were left at their initial value (zero).
Experimental errors for rotameric energies vary widely because of the range of 
techniques used to determine them. The choice of experimental data used here was 
often limited by availability. It therefore comes from many different sources, including
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vibrational spectroscopy, microwave, NMR and calorimetric data, and refers to com­
pounds in both the vapour phase and condensed phases.
The calculated rotational barriers were calculated by the method described in 
Chapter 3.
The rotameric energies of 14 molecules in total were studied, comprising of 4 
hydrocarbons, 6 ethers and 4 alcohols. Graphs showing how the calculated potential 
energy of each molecule varies with rotation about the bond in question are included 
in Appendix II. These graphs also show a breakdown of the total potential energy in 
terms of the components of the potential energy function (i.e. van der Waals energy, 
electrostatic energy, and so on).
6.4.1 Hydrocarbons
Table 6.8 shows how the calculated rotameric energies of hydrocarbons compare 
with experimental values.
Ethane. Ethane only has one conformation as all rotameric forms are equivalent. The 
rotational energy barrier of the C-C bond (2.9 kcal/mol) has been estimated from an 
IR study in the gas phase.44 The calculated value can be seen from Table 6.8 to be in 
good agreement with experiment, with an error of 0.26 kcal/mol (9%).
From the plot of one of the H-C-C-H torsion angles (<J>) versus energy (Fig. 1, 
Appendix II) the three-fold sinusoidal shape of the total energy can be seen, as might 
be expected from symmetry considerations. The rotational barrier is composed 
almost entirely from the three-fold torsional term (V3) of the potential: the V3 parame­
ter, it should be noted, was not fitted to the rotational barrier but to the torsional fre­
quencies of the hydrocarbons.
n-Butane. Two conformations exist for n-butane, the gauche and trans forms. 
Although the trans form is known to be the more stable form, the precise energy
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Table 6.8 Comparison of Calculated and Experimental Rotational Energies of Hydrocarbons.

































7.20 5.2 1H NMRS
a Energies are in kcal mol-1
b AE* represents the barrier height of the indicated transition relative to the lowest energy ro- 
tamer.
c From Reference 44. d From Reference 45. e From Reference 14. /From Reference 46. 
g From Reference 47.
difference between the two forms is the subject of debate, with values ranging from 
0.5 to 0.97 kcal/mol.45 The experimental value shown in the table is one of the more 
recent measurements by Compton et ai. From the calculation, we obtain a AE(g - 1) 
value of 1.00 kcal/mol, which is in reasonable accord with this.
The graph of the torsion angle versus energy (Fig. 2, Appendix II) shows this 
energy difference to be accountable mostly to electrostatic energy. This is caused by
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th e  e le c tro s ta t ic  re p u ls io n  b e tw e e n  th e  tw o  te rm in a l m e th y l g ro u p s , w h ic h  a re  c lo s e r  
to g e th e r  in  th e  gauche  fo rm .
T h e  trans-gauche  e n e rg y  b a rr ie r  a lso  a g re e s  w ith  e x p e r im e n t,  a lth o u g h  th e  
gauche-gauche  b a rr ie r  s e e m s  ra th e r  to o  la rg e . ( I t is , h o w e v e r, in in  c lo s e  a g re e m e n t 
w ith  h ig h  le v e l b a s is  s e t ab initio c a lc u la t io n s 14 ). T h e  g ra p h  in d ic a te s  th a t th e re  a re  
th re e  m a in  c o n tr ib u t io n s  to  th e  gauche-gauche  e n e rg y  b a rr ie r ; th e  to rs io n a l te rm , th e  
e le c tro s ta t ic  te rm  ( fo r th e  re a s o n s  g iv e n  a b o v e ) a n d  a n g le  s tra in , c a u s e d  b y  th e  
C - C - C  a n g le s  o p e n in g  a s  th e  te rm in a l m e th y ls  a re  e c lip s e d . T h e  fa c t th a t th e  
C - C - C  v a le n c e  a n g le s  o p e n  d e m o n s tra te s  th e  d if fe re n c e  b e tw e e n  r ig id  g e o m e try  a n d  
f le x ib le  g e o m e try  c a lc u la t io n s  like  th o s e  re p o r te d  h e re . R ig id  g e o m e try  c a lc u la t io n s  
g e n e ra lly  p re d ic t b ig g e r  ro ta tio n a l b a rr ie rs  th a n  f le x ib le  g e o m e try , b e c a u s e  th e  
v a le n c e  a n g le s  c a n n o t o p e n  to  re lie v e  1 ,4  s te r ic  c la s h e s  48 S im ila r ly  to  o u r c a lc u la ­
t io n s , fu lly  o p tim is e d  ab  initio c a lc u la t io n s  a ls o  in d ic a te  th e  C - C - C  a n g le s  to  o p e n  in 
th e  fu l ly  e c lip s e d  fo rm  o f n -b u ta n e .14
2-M ethylbutane. F o r th is  m o le c u le , th e  to rs io n  h a s  b e e n  d e f in e d  b y  th e  H - C 2- C 3- C 4 
d ih e d ra l a n g le .
T h e  c a lc u la te d  ro ta m e r ic  e n e rg y  d if fe re n c e  is in  g o o d  a g re e m e n t w ith  e x p e r im e n t, 
fa v o u r in g  th e  gau ch e  fo rm  e n e rg e tic a lly . (T h is  is  b e c a u s e  th e  ‘tran s ’ fo rm  h a s  tw o  
g au ch e  m e th y l-m e th y l in te ra c t io n s  a s  o p p o s e d  to  o n e  in th e  ‘g a u c h e ’ fo rm ).
gauche trans
2 -M e th y lb u ta n e
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In te re s tin g ly , F ig u re  3  (A p p e n d ix  II) s h o w s  th e  va n  d e r  W a a ls  e n e rg y  to  be  stabilising 
w ith  re s p e c t to  th e  trans fo rm , b u t th is  is  o u tw e ig h e d  b y  a  la rg e r d e s ta b ilis in g  e le c ­
tro s ta t ic  c o n tr ib u t io n .
2,2-D im ethylbutane. A s  a ll ro ta m e rs  a re  e q u iv a le n t fo r  th is  m o le c u le , o n ly  th e  ro ta ­
tio n a l b a r r ie r  is  o f in te re s t.
T a b le  6 .8  s h o w s  th e  c a lc u la te d  b a rr ie r  to  b e  o v e re s t im a te d  w h e n  c o m p a re d  w ith  
e x p e r im e n t, w h ic h  w a s  d e te rm in e d  b y  1H d y n a m ic  N M R  s p e c tro s c o p y .47
T h e  e n e rg y  b a r r ie r  is  c a u s e d  b y  th e  e c lip s in g  o f te rm in a l m e th y l g ro u p s , a n d  is 
th e re fo re  a n a lo g o u s  to  th e  gauche-gauche  b a rr ie r  in n -b u ta n e , w h ic h  w a s  a ls o  
o v e re s t im a te d . T h is  m a y  th e re fo re  in d ic a te  a  w e a k n e s s  o f th e  fo rc e f ie ld  in th is  a re a .
6.4.2 Ethers
T a b le  6 .9  s h o w s  h o w  c a lc u la te d  ro ta m e r ic  e n e rg ie s  o f e th e rs  c o m p a re  w ith  e x p e r i­
m e n ta l v a lu e s .
Dimethylether. T h e  ro ta t io n a l e n e rg y  b a rr ie r  is s lig h t ly  u n d e re s t im a te d  b y  th e  c a lc u la ­
tio n . T h e  p lo t o f to rs io n  a n g le  v e rs u s  e n e rg y  (F ig . 5, A p p e n d ix  II) s h o w s  th e  e n e rg y  
b a rr ie r  to  h a v e  tw o  m a in  c o m p o n e n ts ; th e  V 3 to rs io n a l te rm  (f it te d  to  th e  to rs io n a l f r e ­
q u e n c y  m o d e s  o f e th e rs )  a n d  a n g le  s tra in . T h e  la tte r  o f th e s e  is  c a u s e d  b y  th e  o p e n ­
ing  o f th e  C - O - C  a n g le  a s  th e  H - C - O - C  to rs io n  b e c o m e s  e c lip s e d .
2,2-D im ethylbu tane
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Table 6.9 Comparison of Calculated and Experimental Rotameric Energies of Ethers.
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0 .36  0 .5 13CH NMR (nonpolar solvent)7
a Energies are in kcal/mol.
b AE* represents the barrier height of the indicated transition relative to the lowest energy ro- 
tamer.
c From reference 22. d From reference 49. e From reference 50. f From reference 51. g 
From reference 52. h From reference 53. / From reference 54. j  From reference 42.
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Ethylmethylether. T h is  m o le c u le  ca n  be c o n s id e re d  a s  a n a lo g o u s  to  n -b u ta n e , b u t 




c h 3 H
trans gauche
E thylm ethyle ther
T h e  gauche-trans  e n e rg y  d if fe re n c e  is  v e ry  w e ll m a tc h e d  b y  c a lc u la t io n , fa llin g  w ith in  
th e  ra n g e  o f th e  e x p e r im e n ta l v a lu e s . T h e  e n e rg y  d if fe re n c e  is  la rg e r  th a n  fo r  
/? -bu tane , a s  th e  s h o r te r  C - 0  b o n d  c a u s e s  th e  te rm in a l m e th y l g ro u p s  to  b e  b ro u g h t 
e v e n  c lo s e r, s o  g iv in g  g re a te r  re p u ls iv e  fo rc e s . T h is  a ls o  re s u lts  in a  g re a te r  d ih e d ra l 
a n g le  a t th e  gauche  m in im u m  fo r  e th y lm e th y le th e r  th a n  fo r  /7 -bu tane  (s e e  S e c tio n s
6 .2 .1  a n d  6 .2 .2 ) .
S im ila r ly  to  /7 -bu tane , th e  trans-gauche  b a rr ie r  fo r  e th y lm e th y le th e r  is  in g o o d  
a g re e m e n t w ith  e x p e r im e n t, b u t th e  gauche-gauche  b a r r ie r  is  a g a in  o v e re s t im a te d .
Diethylether. T h e  C - 0  b o n d s  in d ie th y le th e r  b e h a v e  a lm o s t id e n t ic a lly  to  th e  c e n tra l 
C - 0  b o n d  in e th y lm e th y le th e r , a s  ca n  be  s e e n  b y  c o m p a r in g  th e  ro ta tio n a l b a rr ie r  
p lo ts  (F ig . 6  &  7, A p p e n d ix  II). T h e  g au ch e-tran sen e rg y  d if fe re n c e  v a lu e  is v e ry  s im i­
la r  to  th a t  fo r  e th y lm e th y le th e r  b o th  e x p e r im e n ta lly  a n d  in th e  c a lc u la t io n .
H c 2h5
H
c h 3 H
trans gauche
D ie thyle ther
i-Propylm ethylether A s  e th y lm e th y le th e r  is  a n a lo g o u s  to  n -b u ta n e , s o  /-p ro p y l-  
m e th y le th e r  is  to  2 -m e th y lb u ta n e . L ike  2 -M e th y lb u ta n e , a n d  fo r  th e  s a m e  re a s o n s , 




i-P ropy lm ethy le ther
T h e  tw o  e x p e r im e n ta l v a lu e s  fo r  th is  e n e rg y  d if fe re n c e  a re  in v e ry  c lo s e  a g re e m e n t: 
o n e  w a s  d e te rm in e d  b y  N M R  in c y c lo h e x a n e  s o lu t io n ,49 th e  o th e r  b y  R a m a n  s p e c ­
tro s c o p y  on  m o le c u le s  tra p p e d  in a n  a rg o n  m a tr ix .50 T h e  c a lc u la te d  e n e rg y  d if fe re n c e  
a ls o  m a tc h e s  th e s e  v a lu e s  w e ll.
S e m ie m p ir ic a l e s t im a te s  b y  D u rig  a n d  C o m p to n 49 (m a d e  on  th e  b a s is  o f  th e ir  
N M R  e x p e r im e n ts )  a re  s h o w n  in  T a b le  6 .9  fo r  th e  tw o  ro ta tio n a l b a rr ie rs . T h e s e  v a l­
u e s  a re  b o th  in  g o o d  a g re e m e n t w ith  o u r  c a lc u la te d  v a lu e s .
F ro m  th e  ro ta t io n a l b a r r ie r  p lo t  (F ig . 8, A p p e n d ix  II) th e  la rg e s t c o m p o n e n t to  th e  
gauche-trans  e n e rg y  d if fe re n c e  (a n d  th e  gauche-trans  b a rr ie r)  is th e  a n g le  te rm . A s  
fo r  e th y lm e th y le th e r , th is  is  b e c a u s e  th e  C - O - C  a n d  O - C - C  a n g le s  o p e n  u p  to  
re lie v e  th e  re p u ls iv e  m e th y l-m e th y l in te ra c t io n s .
t-Butylmethylether. T w o  ro ta t io n a l b a rr ie rs  h a v e  b e e n  d e te rm in e d  fo r  th is  m o le c u le
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c o r re s p o n d in g to  the  C - C  to rs io n s  o f th e  f-b u ty l g ro u p , a n d  th a t o f th e  C - 0  b o n d .
c h 3
t-B u ty lm ethy le ther
B o th  c a lc u la te d  b a rr ie rs  a re  in re a s o n a b le  a g re e m e n t w ith  e x p e r im e n ta l v a lu e s .
1,2-D im ethoxyethane. T h is  m o le c u le  is u n u s u a l in th a t th e  gauche  ro ta m e r is fo u n d  to  
be  fa v o u re d  b y  e x p e r im e n t.42 T h is  is c o n tra ry  to  w h a t w o u ld  be  e x p e c te d  fro m  e le c ­
tro s ta t ic  a n d  s te r ic  c o n s id e ra t io n s , w h ic h  w o u ld  in d ic a te  th e  o x y g e n s  to  re p e l e a c h  
o th e r  s tro n g ly , th u s  fa v o u r in g  th e  trans.
gauchetrans
1,2-D im ethoxyethane
In fa c t,  th e  gauche  fo rm  is  fa v o u re d  b e c a u s e  o f an  u n u s u a l s te re o e le c tro n ic  e ffe c t 
k n o w n  a s  th e  gauche effect th a t o c c u rs  in  c o m p o u n d s  c o n ta in in g  v ic in a lly  d is u b s t i­
tu te d  e le c tro n e g a t iv e  a to m s  (O , F , N  e tc .) .23-55’ 56
In itia l c a lc u la t io n s  fo r  1 ,2 -d im e th o x y e th a n e  p ro v e d  to  b e  in e rro r, s h o w in g , a s  
e x p e c te d , th e  trans  fo rm  to  b e  m o re  s ta b le  b y  4 .6  k c a l/m o l, b e c a u s e  o f th e
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e le c tro s ta t ic  re p u ls io n s  b e tw e e n  th e  tw o  o x y g e n s . T h e  m e c h a n is m  o f th e  gauche  
effect is s til l u n d e r in v e s tig a t io n , a n d  so  a  p ro p e r  m o le c u la r  m e c h a n ic s  fo rm a lis m  fo r  it 
m u s t w a it  fo r  th e  t im e  b e in g . H o w e ve r, a  fa ir ly  c ru d e  (b u t p ra g m a tic )  s o lu tio n  to  th e  
p ro b le m  h a s  b e e n  m a d e  h e re , b y  u s in g  a  la rg e  n e g a tiv e  te rm  fo r  th e  O - C - C - O  
to rs io n  (N^ =  -3 .5 5  k c a l/m o l) . A  n e g a tiv e  te rm  g iv e s  a  m a x im u m  a t 180° a n d  a  
m in im u m  a t 0°, a n d  th u s  d e s ta b ilis e s  th e  trans fo rm  re la tiv e  to  th e  gauche. B y  a d ju s t­
in g  th e  m a g n itu d e  o f th e  te rm , th e  e x p e r im e n ta l p re fe re n c e  fo r  th e  gauche  fro m  
c a n  b e  re p ro d u c e d . (T h is  te rm  w a s  a ls o  in c lu d e d  in  th e  c a lc u la t io n s  fo r  1 ,4 -d io x - 
a n e  a n d  1 ,2 -d im e th o x y e th a n e  p re s e n te d  e a r lie r  in th is  c h a p te r .)
A  p lo t o f th e  v a r ia t io n  o f th e  to ta l e n e rg y  w ith  th e  O - C - C - O  to rs io n  a n g le  is 
s h o w n  in F ig u re  11 (A p p e n d ix  II). T h e  la rg e  e le c tro s ta t ic  te rm  fa v o u r in g  th e  trans 
ro ta m e r  is c le a r ly  e v id e n t. T h e  to rs io n  te rm  ( in c lu d in g  both  th e  a n d  V 3 te rm s ) is 
re s p o n s ib le  fo r  ra is in g  th e  e n e rg y  o f th e  trans  fo rm  s lig h t ly  a b o v e  th a t o f  th e  gauche.
T h e  p re fe re n c e  fo r  th e  gauche  ro ta m e r w a s  fo u n d  b y  N M R  to  in c re a s e  w ith  s o l­
v e n t p o la r ity .42 In T a b le  6 .9 , w e  h a v e  c h o s e n  th e  A E  v a lu e  o b ta in e d  in th e  le a s t p o la r  
s o lv e n t (C 6 D 12) a s  it re la te s  m o re  c lo s e ly  to  o u r  c a lc u la t io n s  on  th e  is o la te d  m o le ­
c u le .
[N ote: A  m echanism  that has been p u t forward to explain the gauche effect involves a  
stabilising conjugation betw een bonding electrons in each m ethylene fragm ent with 
the a * orbital o f the C - 0  b o n d £ 5
a* a  ^
o rb ita l (e m n M  n  O
Oorb ita l (full)
^occo = 90° ^occo = 180°
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This conjugation, and hence the stabilisation, will be at a maximum when <j)0cco = 90° 
(pseudo-gauche) and falls to zero at <J>occo =18(1 (trans). This mechanism is exactly 
analogous to that of the anomeric effect discussed in the next chapter. If this mecha­
nism can be verified by experimental data (observed changes in bond length, and so 
forth) the torsion cross-term used to reproduce the anomeric effect could also be 
used to account for the gauche effect.]
6.4.3 Alcohols
Table 6.10 shows how calculated rotameric energies of alcohols compare with experi­
mental values.
Methanol. The rotational barrier of methanol is fitted almost exactly by the calculation. 
The rotational barrier plot (Fig. 12, Appendix II) shows that the barrier is composed 
almost totally from the torsional (V3) term. (The value of V3 was fitted to the torsional 
frequency of methanol).
Ethanol. The experimental data on the gauche-trans energy difference is somewhat 
inconclusive. Although Perchard and Josien61 concluded from their vibrational analy­
sis of gaseous ethanol that only the gauche rotamer was present, microwave stu­
dies25*57*62 and another vibrational study41 indicated the trans form to be more sta­
ble. This also concurs with ab initio calculations.63*64 The range of values of the 
energy difference AE{g-t) varies in these studies from 0.12-0.82 kcal/mol. We have 
chosen to use the lowest of these values, as it relates to the most recent determina­
tion by Kakar and Quade 57
As can be seen from Table 6.10, contrary to experiment, the gauche form is 
found to be the more stable rotamer. From Figure 13a (Appendix II) it is evident that 
this is due to a large destabilisation of the trans rotamer due to the electrostatic 
energy. This is a result of the electrostatic repulsions between the hydroxyl hydrogen
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Table 6 .10  C om parison o f C a lcu la ted  and Experim enta l R otam eric  Energies o f A lcohols.
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a  E nerg ies are in kca l m ol-1
b A E ^  represents  the  barrier height o f the ind icated transition  re la tive  to  the gauche rotam er. 
c  From  re ference 24. d  F rom  reference 57. e From  re ference 58. f From  re ference 59. g 
From  re fe rence  60.
h V a lues in pa ren theses are fo r ca lcu la tions fo r w h ich  V , CCoh = 1 00 kca l/m o l
a n d  th e  m e th y le n e  h y d ro g e n s  in th e  trans fo rm , a n d  an  e le c tro s ta t ic  attraction 










T h e  M e lb e rg  a n d  R a s m u s s e n  fo rc e fie ld  a ls o  p re d ic ts  th e  gauche  fo rm  to  b e  fa v o u re d , 
p re s u m a b ly  fo r  s im ila r  re a s o n s .1 B e c a u s e  va n  d e r  W a a ls  fo rc e s  a re  n o t c o n s id e re d  
fo r  h y d ro x y l h y d ro g e n s  (s e e  C h a p te r  5 ) th e  e x p e c te d  s te r ic  re p u ls io n  b e tw e e n  th e  
m e th y l g ro u p  a n d  th e  h y d ro x y l h y d ro g e n  in th e  gauche  fo rm  is  n o t a c c o u n te d  fo r  b y  
o u r  fo rc e fie ld . E ve n  s o , it is  u n lik e ly  if a  v a n  d e r  W a a ls  te rm  c o u ld  a c c o u n t fo r  th e  
n e c e s s a ry  e n e rg y  to  s ta b il is e  th e  gauche  fo rm  re la tiv e  to  th e  trans  (> 1 .2  k c a l/m o l) . 
R e p e a tin g  th e  c a lc u la t io n s  u s in g  th e  v a n  d e r  W a a ls  p a ra m e te rs  (r*jj a n d  ejj) o f an  a li­
p h a tic  h y d ro g e n  (H ) fo r  th o s e  o f th e  h y d ro x y l h y d ro g e n  (H 0 ) s til l g a v e  th e  gauche  
fo rm  to  b e  th e  m o re  s ta b le  (b y  0 .4  k c a l/m o l) . T h e  h y d ro x y l h y d ro g e n  w o u ld  th e re fo re  
h a v e  to  be  s u b s ta n t ia l ly  ‘ la rg e r ’ th a n  an a lip h a tic  h y d ro g e n  in  o rd e r  to  re p ro d u c e  
e x p e r im e n t, w h ic h  is  c o n tra ry  b o th  to  c h e m ic a l in tu it io n  a n d  th e  c ry s ta l s im u la t io n s  o f 
L ifs o n  et a l.,65 d is c u s s e d  in C h a p te r  5.
A s  fo r  1 ,2 -d im e th o x y e th a n e , th e  p ro b le m  ca n  b e  s o lv e d  b y  re c o u rs e  to  th e  
to rs io n a l te rm . U s in g  a  V t  v a lu e  o f 1 .0 0  k c a l/m o l fo r  th e  C - C - O - H  to rs io n  ca n  be  
s e e n  in F ig u re  1 3 b  (A p p e n d ix  II) to  ra is e  th e  e n e rg y  o f th e  gauche  fo rm  a b o v e  th a t o f 
th e  trans  b y  0 .2 3  k c a l/m o l, in re a s o n a b le  a g re e m e n t w ith  e x p e r im e n t.  T h e  to ta l 
e n e rg y  (in  F ig u re  1 3 b ) n o w  re s e m b le s  a  s im p le  th re e - fo ld  b a rr ie r, w ith  th e  trans- 
gauche  a n d  gauche-gauche  b a rr ie rs  h a v in g  v e ry  s im ila r  v a lu e s  (1 .4 7  k c a l/m o l a n d  
1.31 k c a l/m o l re s p e c t iv e ly ) .  T h e  e x p e r im e n ta l v a lu e  o f th e  g auche-gauche  b a rr ie r  
h a s  b e e n  d e te rm in e d 58 a n d  is  n o w  in g o o d  a g re e m e n t w ith  o u r  c a lc u la te d  v a lu e .
i-Propanol. F o r /-p ro p a n o l, th e  gauche  a n d  trans  ro ta m e rs  a re  d e f in e d  re la t iv e  to  th e  
H - C - O - H  to rs io n  a n g le .
CH? H CH





Vibrational spectroscopy of a dilute solution in CCI4 indicates that the gauche form is 
slightly more stable by 0.10 kcal/mol.59 Again, calculated values were initially in 
error, indicating the trans form to be the more stable rotamer. By adopting the same 
V! parameter that was used in ethanol, this error is rectified, resulting in a more sta­
ble gauche form. This is further support, therefore, for the use of the parameter 
for the C-C-O-H torsion.
The plots of the torsion angle versus energy are shown in Figures 14a & 14b 
(Appendix II). These relate to the calculations performed with and without the 
C-C-O-H Vi (= 1.00 kcal/mol) parameter respectively.
t-Butanol. A value of 0.9 kcal/mol for the rotational barrier in f-butanol has been 
estimated from vapour heat capacity measurements and calorimetric entropy data.60 
This is may be a rather low estimate, when compared to the experimental gauche- 
gauche energy barrier in ethanol of 1.2 kcal/mol.58 This barrier is also caused by an 
eclipsing of a methyl group with a hydroxyl hydrogen, and would therefore be 
expected to be of a similar value. In this light, the calculated barrier height of 1.67 
kcal/mol does not seem too unreasonable.
6.5 Conformational and Configurational Energies
The ability to predict, with reasonable confidence, the relative energies of different 
conformations, is essential for a forcefield that is to be used in conformational analy­
sis. Relative energies of conformations that differ only in the rotation about a bond 
(rotamers) were discussed in the previous section. Here, we consider the conforma­
tional (and configurational) energies of ring systems, which, for obvious reasons will 
be important in the extension of the forcefield to carbohydrates.
Configurations are structural isomers that differ not in connectivity but in the 
spatial arrangements of atoms. For example, the a- and p- forms of glucose are
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d iffe re n t configurations, a s  a re  th e  L  a n d  D fo rm s  o f an a m in o  a c id . O u r  u se  o f c o n f i­
g u ra tio n a l e n e rg y  d if fe re n c e s  a lo n g s id e  c o n fo rm a tio n a l o n e s  d e s e rv e s  s p e c ia l c o m ­
m e n t. A lth o u g h  tw o  c o n fig u ra t io n s  c a n n o t in te rc o n v e r t  in th e  w a y  c o n fo rm e rs  d o , th e  
to p o lo g ic a l c o n n e c tiv ity  (o r constitution a s  it is  s o m e t im e s  c a lle d 3 ) is  th e  s a m e  fo r  
b o th . T h u s , th e  tw o  c o n fig u ra t io n s  w ill h a v e  th e  s a m e  n u m b e r a n d  ty p e s  o f c h e m ic a l 
b o n d s , a n d  th e  e n e rg y  d if fe re n c e  w ill th e re fo re  be  th e  re s u lt o f a  d if fe re n c e  in 
in tra m o le c u la r  s tra in  e n e rg y . T h is  is , o f c o u rs e , w h a t th e  fo rc e fie ld  s e e k s  to  re p re ­
s e n t.
C o n fo rm a tio n a l a n d  c o n fig u ra t io n a l e n e rg ie s  a re  o b ta in e d  fro m  a  n u m b e r o f 
e x p e r im e n ta l te c h n iq u e s . W h e re  A H  v a lu e s  h a v e  b e e n  d e te rm in e d , th e s e  v a lu e s  a re  
d ire c t ly  c o m p a ra b le  w ith  e n e rg y  d if fe re n c e s  fo u n d  b y  c a lc u la t io n . In s o m e  c a s e s , 
h o w e ve r, o n ly  A G  v a lu e s  w e re  a v a ila b le , a n d  it s h o u ld  be  b o rn  in m in d  th a t th e s e  c o n ­
ta in  an  e n tro p ic  c o m p o n e n t th a t is  n o t in c lu d e d  in  th e  c a lc u la te d  v a lu e s .
T a b le  6 .11  s h o w s  a  s u m m a ry  o f h o w  th e  c a lc u la te d  e n e rg y  d if fe re n c e s  (A E con f) 
c o m p a re  w ith  th e  c o rre s p o n d in g  e x p e r im e n ta l v a lu e s .
6.5.1 Hydrocarbons
M ethylcyclohexane. F o r m e th y lc y c lo h e x a n e , th e  a x ia l-e q u a to r ia l e n e rg y  d if fe re n c e  
(A H ) h a s  b e e n  d e te rm in e d  b y  v a r ia b le  te m p e ra tu re  N M R  in C F C I3/C D C I3 s o lu t io n .66 
T h e  c a lc u la te d  A E  v a lu e  s l ig h t ly  o v e re s t im a te s  th e  p re fe re n c e  fo r  th e  e q u a to r ia l fo rm .
equa to ria l axia l
M ethy lcyc lohexane
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Table 6.11 Comparison of Experimental and Calculated Conformational and Configurational 
Energy Differences





AE (axial - equatorial) 2.17 1.75 13C NMRa
Decalin
AE(c/s - trans) 2.76 2.69 Difference in AHC values6,c
1,4-Dimethylcyclohexane
AE (c/s - trans) 2.19 1.89 Difference in AHC values6,0
Cyclohexane
AE(twist-boat - chair) 8.63 5.5 High-vacuum deposition/IRd
Ethers
Methoxycyclohexane
AE (axial - equatorial) 0.72 0.71 1H NMR®
2,2-Dimethylmethoxycyclohexane
AE (axial - equatorial) 1.32 0.54 1H NMR (AG value)'
Tetrahydrofuran








trans-2-M ethoxy- cis- decali n 
A E (axial - equatorial) 0.46 0.20 1H NMR (AG value)6
c/s-2-Methoxy-c/s-decalin
AE (axial - equatorial) 1.00 1.3 1H NMR (AG value)'-
a From reference 66. b From reference 67. c From reference 68. d From reference 69. e 
From reference 70. f From reference 71. g From reference 72. h From reference 73.
From reference 74.
- 132-
Decalin. T h e  e n th a lp y  d if fe re n c e  b e tw e e n  th e  cis a n d  trans c o n fig u ra t io n s  o f d e c a lin  
can  be  d e te rm in e d  fro m  th e  d if fe re n c e  in th e ir  h e a ts  o f c o m b u s t io n .67’ 68 T h is  e n e rg y  
d if fe re n c e  ( fa v o u r in g  th e  trans  fo rm )  is  v e ry  w e ll re p ro d u c e d  b y  th e  fo rc e fie ld .
trans-deca lin  cis-deca lin
1,4-D im ethylcyclohexane. H e a ts  o f c o m b u s t io n  v a lu e s  w e re  a g a in  u s e d  to  d e te rm in e  
th e  e n e rg y  d if fe re n c e  b e tw e e n  cis a n d  trans-1 ,4 -d im e th y lc y c lo h e x a n e . T h e s e  d if fe r  
b y  th e  o r ie n ta t io n  o f o n e  m e th y l g ro u p ; a x ia l in th e  cis a n d  e q u a to r ia l in th e  trans 
fo rm :
trans- c is-
1 ,4-Di m ethylcyc lohexane
A s  fo r  m e th y lc y c lo h e x a n e , th e  c a lc u la te d  e n e rg y  d if fe re n c e  is  a g a in  s l ig h t ly  o v e re s ­
t im a te d .
Cyclohexane. T h e re  a re  tw o  e n e rg y  m in im a  fo r  c y c lo h e x a n e , fo u n d  b o th  e x p e r im e n ­
ta lly  a n d  b y  o u r  c a lc u la t io n s . T h e  m u c h  h ig h e r  e n e rg y  tw is t -b o a t  fo rm  h a s  b e e n
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id e n tif ie d  u s in g  IR  b y  tra p p in g  c y c lo h e x a n e  v a p o u r  (a t 1 073  K) on  a  C s l p la te  (c o o le d  
to  20  K ).69
T h e  ra te  a t w h ic h  th e  tw is t-b o a t d e c a y e d  to  th e  c h a ir  fo rm  w a s  th e n  u s e d  to  e s tim a te  
th e  e n e rg y  d iffe re n c e  b e tw e e n  th e  tw o  c o n fo rm e rs . T h e  d is c re p a n c y  b e tw e e n  th e  
c a lc u la te d  a n d  o b s e rv e d  v a lu e s  o f s o m e  3  k c a l/m o l m a y  b e  d u e  in p a r t to  th e  u n c o n ­
v e n tio n a l e x p e r im e n ta l m e th o d  u s e d . H o w e v e r, th e  c a lc u la te d  e n e rg y  fo r  th e  tw is t-  
b o a t fo rm  m a y  a ls o  be  o v e re s t im a te d  d u e  to  th e  n e a r-e c lip s e d  C -C -C -C  to rs io n  
a n g le s . N o te  th a t th e  fo rc e fie ld  a ls o  g a v e  a n  e x a g g e ra te d  gauche-gauche  b a rr ie r  fo r 
n -b u ta n e , w h ic h  a ls o  re q u ire s  th e  e c lip s in g  o f a  C -C -C -C  to rs io n  (s e e  S e c tio n  6 .4 .1 ).
6.5.2 Ethers
M ethoxycyclohexane. E x p e r im e n t h a s  s h o w n  th a t th e  a x ia l fo rm  o f m e th o x y c y c lo h e x -  
a n e  is 0 .71  k c a l/m o l h ig h e r  in e n e rg y  th a n  th e  e q u a to r ia l c o n fo rm e r .70 In itia l c a lc u la ­
t io n s  on  m e th o x y c y c lo h e x a n e  g a v e  an a x ia l-e q u a to r ia l e n e rg y  d if fe re n c e  th a t w a s  
m u c h  to o  la rg e  (b y  > 2  k c a l/m o l)  w h e n  c o m p a re d  w ith  th e  e x p e r im e n ta l v a lu e . T h is  
w a s  fo u n d  to  be  c a u s e d  b y  la rg e  re p u ls iv e  e le c tro s ta t ic  in te ra c t io n s  b e tw e e n  th e  ring
cha ir tw is t-boa t
C yc lohexane
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A s  it s e e m e d  u n lik e ly  th e s e  e le c tro s ta t ic  in te ra c t io n s  w e re  s o  fa r  in  e rro r, th is  le d  us 
to  e x a m in e  th e  gauche/trans  re la t io n s h ip  o f th e  C - C - C - 0  fra g m e n t. In s im p le  te rm s , 
a x ia l a n d  e q u a to r ia l m e th o x y c y c lo h e x a n e  ca n  b e  c o n s id e re d  to  d if fe r  o n ly  in th e  ro ta ­
t io n s  o f tw o  s u c h  C - C - C - 0  fra g m e n ts . B o th  a re  gauche  in  th e  a x ia l fo rm  a n d  trans 
in  th e  e q u a to r ia l fo rm .
In o rd e r  to  s tu d y  th is  fra g m e n t, n -p ro p y lm e th y le th e r  w a s  c h o s e n  a s  a  s im p le  m o d e l 
c o m p o u n d .
gauche trans
gauche trans
axial equa to ria l
trans gauche
n-P ropy lm ethy le ther
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Although no experimental data for the gauche-trans energy difference for this mole­
cule could be found, it is commonly assumed that the C-C-C-O  fragment favours the 
trans form by about 0.4 kcal/mol.75 This value was very much lower than our initial 
calculated value of 1.45 kcal/mol. High level basis set ab initio results were at even 
greater odds with our calculated value, indicating n-propylmethylether to actually 
favour the gauche form 76 An analogous fiuoro- compound, 1-fluoropropane, contains 
an electronically similar fragment C-C-C-F, which was also found by ab initio to 
favour the gauche form23 for stereoelectronic reasons similar to those proposed for 
the gauche effect (described in Section 6.4.2).
In our opinion, it seems likely that a stereoelectronic effect, similar to the gauche 
effect although not as pronounced, also exists in the C-C-C-O  fragment, causing a 
degree of stabilisation in the gauche conformer. Since this is not accounted for in our 
forcefield, the electrostatic effects were found to dominate, causing the gauche-trans 
energy difference to be overestimated.
As in the cases of 1,2-dimethoxyethane and ethanol, a solution that gave the 
correct conformational energy difference was to use a non-zero Vt parameter for the 
C -C-C-O  torsion. By selecting a value for Vi for this torsion of -0.88 kcal/mol, the 
observed axial-equatorial energy difference in methoxycyclohexane could be repro­
duced almost exactly (see Table 6.11).
The gauche-trans energy difference for n-propylmethylether was also recalcu­
lated, giving a revised energy difference of only 0.18 kcal/mol in favour of the trans 
form.
2,2-Dimethyimethoxycyciohexane. A free energy difference between the axial and 
equatorial forms has been determined by NMR in a dilute solution of CS2-71 The cal­
culated energy difference is slightly too large (by 0.78 kcal/mol) but this may be due 
to entropic factors.
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Tetrahydrofuran. E s tim a te s  fro m  m ic ro w a v e  s tu d ie s  in d ic a te  th e  b a r r ie r  to  p s e u d o ro ­
ta t io n  (w h ic h  re q u ire s  a  C s tra n s it io n  s ta te ) to  be  5 7  c m -1 (0 .1 6  k c a l/m o l) .72 T h e  b a r­
r ie r  to  p la n a r ity  ( i.e . h a v in g  th e  C 2v p o in t g ro u p ) is  a ls o  e s tim a te d  a t 1 2 2 0  c m -1 (3 .4 6  
k c a l/m o l) . C a lc u la te d  v a lu e s  a re  in  re a s o n a b le  a c c o rd  w ith  th e s e  e s tim a te s .
trans- an d  cis-M ethoxy-cis-decalin. T h e  f le x ib il ity  o f c /s -d e c a lin s  m e a n s  th a t th e s e  tw o  
c o m p o u n d s  e a c h  h a v e  tw o  w e ll-d e fin e d  c o n fo rm a tio n s . T h e  re la t iv e  fre e  e n e rg y  d if ­
fe re n c e s  o f th e s e  c o n fo rm a tio n s  h a v e  b e e n  s tu d ie d  b y  N M R .73-74
I  (O C H 3 axial) I I  (O C H 3 equatoria l)
trans-2- M e th o x y -c /s -d e c a l i n
I I I  (O C H 3 equatoria l) I V  (O C H 3 axial)
c /s -2 -M e th o x y -c /s -d e c a lin
T h e  cis- fo rm  (III a n d  IV ) is fo u n d  b o th  e x p e r im e n ta lly  a n d  b y  o u r c a lc u la t io n s  to  h a v e
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the larger energy difference between the two conformations (axial and equatorial).
This is due to the destabilisation of the axial conformer IV by steric clashes between
the methoxy group and the cis-fused ring. No such steric clashes occur in the trans­
form (I and II) and so the energy difference is smaller.
6.6 References to Chapter 6
1. S. Melberg and K. Rasmussen, J. Mol. Struc., 57, 215 (1979).
2. S. R. Niketic and K. Rasmussen, in The Consistent Force Field, Springer, New
York (1977).
3. K. Rasmussen, Potential Energy Functions in Conformational Analysis, in Lec­
ture Notes in Chemistry, Vol37, Springer-Verlag, Berlin & Heidelberg (1985).
4. M.D. Harmony, V.W. Laurie, R.L. Kuczkowski, R.H. Schwendeman, D.A. Ram­
say, F.J. Lovas, W.J. Lafferty, and A.G. Maki, J. Phys. Chem. Ref. Data., 8, 619 
(1979).
5. K. Kimura and K. Kubo, J. Chem. Phys., 30,151 (1959).
6. O. Bastiansen, L. Fernholt, H.M. Seip, H. Kambara, and K. Kuchitsu, J. Mol.
Struc., 18, 163(1973).
7. W. F. Bradford, S. Fitzwater, and L. S. Bartell, J. Mol. Struc., 38,185 (1977).
8. T. lijima, Bull. Chem. Soc. Jpn., 46, 2311 (1973).
9. T. lijima, Bull. Chem. Soc. Jpn., 45, 1291 (1972).
10. R. L. Hilderbrandtand J. D. Wieser, J. Mol. Struc., 15, 27 (1973).
11. B. Beagley, D.P. Brown, and J.J. Monaghan, J. Mol. Struc., 4, 233 (1969).
12. H.B. Burgi and L.S. Bartell, J. Am. Chem. Soc., 94, 5236 (1972).
13. A. Almenningen, O. Bastiansen, and P.N. Skancke, Acta Chem. Scand., 15, 
711 (1961).
-138-
14. K. Raghavachari, J. Chem. Phys., 81, 1383 (1984).
15. A. T. Hagler, P. S. Stern, S. Lifson, and S. Ariel, J. Am. Chem. Soc., 101, 813
(1979).
16. S.J. Weiner, P.A. Kollman, D.T. Nguyen, and D.A. Case, J. Comput. Chem., 7, 
230(1986).
17. K. Oyanagi and K. Kuchitsu, Bull. Chem. Soc. Jpn., 51, 2237 (1978).
18. M. Davis and O. Hassel, Acta Chem. Scand., 17 ,1181 (1963).
19. H.J. Geise, W.J. Adams, and L.S. Bartell, Tetrahedron, 25, 3045 (1969).
20. H.E. Breed, G. Gundersen, and R. Seip, Acta Chem. Scand., A33, 225 (1979).
21. U. Burkert, Tetrahedron, 3 5 ,1945 (1979).
22. P.H. Kasai and R.J. Myers, J. Chem. Phys., 30, 1096 (1959).
23. N.L. Allinger, L. Schafer, K. Siam, and C. Van Alsenoy, J. Comput. Chem., 6,
331 (1985).
24. R.M. Lees and J.G. Baker, J. Chem. Phys., 48, 5299 (1968).
25. Y. Sasada, M. Takano, and T. Satoh, J. Mol. Spect., 38, 33 (1971).
26. A.A. Abdurakhamanov and L. M. Imanov, Zh. Strukt. Khim., 15, 42 (1974).
27. D.R. Truax and H. Wieser, Chem. Soc. Rev., 5, 411 (1976 ).
28. P. Dauber-Osguthorpe, V.A. Roberts, D.J. Osguthorpe, J. Wolff, M. Genest, and 
A.T. Hagler, Proteins: Structure, Function and Genetics, 4, 31-47 (1988).
29. T. Shimanouchi, Tables of Molecular Vibrational Frequencies, in National Stan­
dards Reference Data Series, National Bureau of Standards, Washington DC
(1972).
30. T.Shimanouchi, H. Matsuura, Y. Ogawa, and I. Harada, J. Phys. Chem. Refer­
ence Data, 7(4), 1323 (1978).
-139 -
31. K.W. Logan, H.R. Danner, J.D. Gault, and H. Kim, J. Chem. Phys., 59, 2305
(1973).
32. J. H. Schachtschneider and R. G. Snyder, Spectrochim. Acta, 2 1 ,169 (1965).
33. J.C. Evans and H.J. Bernstein, Can. J. Chem., 34 ,1037 (1956).
34. S. Lifson and A. Warshel, J. Chem. Phys., 49, 5116 (1968).
35. R.G. Snyder and G. Zerbi, Spectrochim. Acta, 23A, 391 (1967).
36. C.E. Blom and C.L. Altona, Mol. Phys., 34, 557 (1977).
37. O. Gebhardt and S.J. Cyvin, J. Mol. Struc., 12, 205 (1972).
38. O.H. Ellestad and P. Klaboe, Spectrochim. Acta, 27A, 1025 (1971).
39. H.M. Pickett and H.L. Strauss, J. Chem. Phys., 53, 376 (1970).
40. W.R. Ward, Spectrochim. Acta, 21 ,1311 (1965).
41. A. J. Barnes and H. E. Hallam, Trans. Faraday Soc., 66, 1932 (1970).
42. K. Tasaki and A. Abe, Polymer J., 17, 641 (1985).
43. O. Ermer, Structure and Bonding, 27 ,161, Berlin (1976).
44. S. Weiss and G.E. Leroi, J. Chem. Phys., 48, 962 (1968).
45. D.A.C. Compton, S. Montero, and W.F. Murphy, J. Phys. Chem., 84 , 3587
(1980).
46. A.L. Verma, W.F. Murphy, and H.J. Bernstein, J. Chem. Phys., 60,1540 (1974).
47. M.R. Whalon and C.H. Bushweller, J. Org. Chem., 49, 1185 (1984).
48. P. S. Stern, M. Chorev, M. Goodman, and A. T. Hagler, Biopolymers, 22, 1885
(1983).
49. J. R. Durig and D. A. C. Compton, J. Chem. Phys., 69, 4713-4719 (1978).
50. T. Kitagawa and T. Miyazawa, Bull. Chem. Soc. Jpn., 41, 1976 (1968).
-140 -
51. J.P. Perchard, J.C. Monier, and P. Dizabo, Spectrochim. Acta, 27 A, 447 (1971).
52. K. Tasaki, Y. Sasanuma, I. Ando, and A. Abe, Bull. Chem. Soc. Jpn., 57, 2391
(1984).
53. M. Nakata, Y. Furukawa, H. Hamaguchi, and M. Tasumi, 45th National Meeting 
of the Chemical Society of Japan (Tokyo, April 1982, Abstr. No. 4U15).
54. J.R. Durig, S.M. Craven, J.H. Mulligan, and C.W. Hawley, J. Chem. Phys., 58, 
1281 (1973).
55. A.J. Kirby, in The Anomeric Effect and Related Stereoelectronic Effects at Oxy­
gen, Springer, Berlin (1983).
56. G.F. Smits, M.C. Krol, P.N. van Kampen, and C. Altona, J. Mol. Struc. (Theo- 
chem.), 139, 247 (1986).
57. R.K. Kakar and C.R. Quade, J. Chem. Phys., 72, 4300 (1980).
58. R.K. Kakar and P.J. Seibt, J. Chem. Phys., 57, 4060 (1972).
59. C. Tanaka, Nippon Kagaku Zasshi, 83, 661 (1962).
60. E.T. Beynon, Jr. and J. McKetta, J. Phys. Chem., 67, 2761 (1963).
61. J-P. Perchard and M-L. Josien, J. Chim. Phys. Physiochim. Biol., 65, 1834
(1968).
62. M. Takano, Y. Sasada, and T. Satoh, J. Mol. Spectrosc., 26, 157-162 (1968).
63. L. Radom, W.J. Hehre, and J.A. Pople, J. Am. Chem. Soc., 94, 2371 (1972).
64. J. Murto, M. Rasanen, A. Aspiala, and T. Lotta, J. Mol. Struc., 108, 99 (1984).
65. S. Lifson, A. T. Hagler, and P. Dauber, J. Am. Chem. Soc., 101, 5111 (1979).
66. H. Booth and J.R. Everett, J. Chem. Soc., Perkin Trans. II, 255 (1980).
67. J. D. Cox and G. Pilcher, Thermochemistry of Organic and Organometalic Com­
pounds, Academic Press, New York, NY (1970).
- 141 -
68. J.B. Pedley and J. Rylance, Sussex N.P.L. Computer Analysed Thermochemi­
cal Data: Organic and Organometalllc Compounds, Academic Press, Univ. of 
Sussex (1977).
69. M. Squillacote, R.S. Sheridan, O.L. Chapman, and F.A.L. Anet, J. Am. Chem. 
Soc., 97, 3244 (1975).
70. H. Booth and K.A. Khedhair, J. Chem. Soc., Chem. Commun., 467 (1985).
71. I.G. Mursakulov, E.A. Ramazanov, M.M. Guseinov, N.S. Zefirov, V.V. 
Samoshin, and E.L. Eliel, Tetrahedron, 36,1885 (1980).
72. G.G. Engerholm, A.C. Luntz, and W.D. Gwinn, J. Chem. Phys., 50, 2446
(1969).
73. M. Anteunis, A. Geens, and R. Van Cauwenberghe, Bull. Soc. Chim. Belg., 82, 
573(1973).
74. D. Tavernier, F. De Pessemier, and M. Anteunis, Bull. Soc. Chim. Belg., 84, 333 
(1975).
75. P. Deslongchamps, in Stereoelectronic Effects in Organic Chemistry, Per- 
gamon, Oxford (1983).
76. K.B. Wiberg and M.A. Murcko, J. Am. Chem. Soc., 111, 4821 (1989).
- 1 4 2 -
Chapter 7
Modelling the Anomeric Effect
7.1 Introduction
T h e  anom eric effect is a  c o n fo rm a tio n a l e ffe c t th a t w a s  s o -n a m e d  b e c a u s e  it w a s  firs t 
o b s e rv e d  fo r  th e  a n o m e r ic  c a rb o n  a to m s  (C 1 ) o f p y ra n o s e  r in g s .1 It h a s  s in c e  b e e n  
fo u n d  to  o c c u r  fo r  m a n y  o th e r  ty p e s  o f c o m p o u n d s , b u t it is im p o r ta n t in th is  c o n te x t 
b e c a u s e  it h a s  a  m a jo r  in f lu e n c e  o n  th e  c o n fo rm a tio n  o f c a rb o h y d ra te  m o le c u le s .
F o r a lm o s t a n y  p y ra n o s e  d e r iv a t iv e , e x p e r im e n ta l e v id e n c e  s u g g e s ts  a  s ta b il is ­
ing  o f th e  a  a n o m e r (a x ia l C1 s u b s titu e n t)  ra th e r th a n  th e  p a n o m e r (e q u a to r ia l C1 
s u b s titu e n t) .  T h is  c a n n o t b e  e x p la in e d  b y  c o n v e n tio n a l c o n s id e ra t io n s  o f c o n fo rm a ­
tio n a l a n a ly s is .2




F o r s u b s t itu te d  c y c lo h e x a n e s , th e  p re fe rre d  c o n fo rm a tio n  is g e n e ra lly  th e  o n e  w ith  th e  
la rg e r  n u m b e r  o f e q u a to r ia l s u b s titu e n ts , a n d  th u s  th e  m in im u m  n u m b e r o f gauche  
in te ra c t io n s  a n d  n o n -b o n d e d  re p u ls io n s  b e tw e e n  a x ia l s u b s titu e n ts . S im ila r  c o n s id e r ­
a t io n s  a p p ly  fo r  s u b s titu te d  te tra h y d ro p y ra n s , w h ic h  like  c y c lo h e x a n e s , s h o w  a  p re fe r ­
e n c e  fo r  e q u a to r ia l s u b s titu e n ts  in  a ll c a s e s  e x c e p t o n e . T h is  is th e  c a s e  w h e re  th e
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s u b s titu e n t on  th e  te tra h y d ro p y ra n  rin g  is an  e le c tro n e g a t iv e  a to m  (O .F .C I)  on  o n e  o f 
th e  c a rb o n  a to m s  a d ja c e n t to  th e  r in g  o x y g e n . T h e  m o s t a b u n d a n t m o le c u le s  s h o w ­
in g  th is  p a tte rn  o f s u b s titu t io n  a re , o f c o u rs e , th e  p y ra n o s e  d e r iv a tiv e s  d is c u s s e d  
a b o v e .
T h e  a n o m e r ic  e ffe c t h a s  b e e n  in te rp re te d  a s  a  p re fe re n c e  fo r  a  gauche  c o n fo r ­
m a tio n  a b o u t th e  C - O - C - O  to rs io n  a n g le , a n d  o c c u rs  a ls o  in a c y c lic  C - O - C - O  s y s ­
te m s , w h ic h  s im ila r ly  d is p la y  a  p re fe re n c e  fo r  gauche  ro ta m e rs . In fa c t, th e  a n o m e r ic  
e ffe c t h a s  b e e n  o b s e rv e d  in  m a n y  d if fe re n t ty p e s  o f c o m p o u n d  th a t c o n ta in  g e m in a liy  
d is u b s titu te d  e le c tro n e g a t iv e  a to m s :3
\ /
X = O, F, C l and Y  = O o r S
B e c a u s e  o u r  fo rc e fie ld  is a t p re s e n t o n ly  s e e k in g  to  re p ro d u c e  c a rb o h y d ra te  p ro ­
p e r t ie s , w e  s h a ll l im it  o u r  c o n s id e ra t io n s  to  th o s e  c la s s e s  o f c o m p o u n d  fo r  w h ic h  
X = Y = Q ; th e  a c e ta ls  a n d  h e m ia c e ta ls .
Aceta l H em iaceta l C yclic  Aceta l
- 1 4 4 -
P y ra n o s e  a n d  fu ra n o s e  d e r iv a t iv e s , th e  b u ild in g  b lo c k s  o f c a rb o h y d ra te  m o le c u le s , 
a re  e x a m p le s  o f c y c lic  a c e ta ls  a n d  h e m ia c e ta ls .
A  c o m p o u n d  th a t h a s  c o m m o n ly  b e e n  u s e d  a s  a  m o d e l fo r  th e  a n o m e r ic  e ffe c t 
is th e  s im p le s t a c e ta l, d im e th o x y m e th a n e .4 ' 7 E x p e r im e n ta l d a ta  fo r  th is  c o m p o u n d  
ca n  b e  u s e d  to  g iv e  an  id e a  o f th e  m a g n itu d e  o f th e  a n o m e r ic  e ffe c t, in te rm s  o f c o n ­
fo rm a tio n a l e n e rg y . D im e th o x y m e th a n e  h a s  lo n g  b e e n  k n o w n  to  fa v o u r  th e  
gauche,gauche  c o n fo rm a tio n ,8 w ith  a  trans-gauche  e n e rg y  d if fe re n c e  fo r  e a c h  C - 0  
b o n d  o f a b o u t 1 .7  k c a l/m o l.8
D im ethoxym ethane
!  I
trans  gauche
Rel. Energy (kca l/m ol) 1.7 0
H o w e v e r, an  is o la te d  C - 0  b o n d , s u c h  a s  th a t in e th y lm e th y le th e r , p re fe rs  to  b e  in th e  
trans  c o n fo rm a tio n  b y  a b o u t 1 .5  k c a l/m o l9 (s e e  C h a p te r  6 ). T h e  a n o m e r ic  e ffe c t ca n  
th e re fo re  b e  s e e n , fro m  th e  d if fe re n c e  b e tw e e n  th e s e  v a lu e s , to  a c c o u n t fo r  s o m e ­
th in g  in th e  re g io n  o f 3  k c a l/m o l in fa v o u r  o f th e  g auche  ro ta m e r. T h is  is  a  la rg e  
a m o u n t o f e n e rg y  in c o n fo rm a tio n a l te rm s , e s p e c ia lly  s in c e  it is d e p e n d e n t on  th e  
ro ta tio n  a b o u t a  s in g le  b o n d . T h e  im p o rta n c e  o f th e  a n o m e r ic  e ffe c t b e c o m e s  
in c re a s in g ly  c le a r  w h e n  w e  c o n s id e r  th a t th e  m a jo r ity  o f o l ig o -  a n d  p o ly s a c c h a r id e s  
c o n s is t  o f p y ra n o s e  r in g s  lin k e d  th ro u g h  a c e ta l C - 0  b o n d s .
1,4 - linked saccharide  cha in
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A lth o u g h  th e  c lea res tt m a n ife s ta t io n  o f th e  a n o m e r ic  e ffe c t is  th e  p re fe re n c e  fo r  
gauche c o n fo rm a tio n s , d e ta ile d  e x a m in a tio n  o f th e  g e o m e tr ie s  s h o w s  th a t th e  C - 0  
b o n d  le n g th s  a re  a ls o  a ffe c te d . It h a s  b e e n  k n o w n  fo r  s o m e  tim e  th a t w h e n  th e re  a re  
m o re  th a n  o n e  e le c tro n e g a t iv e  a to m s  (X ) on  a  g iv e n  c a rb o n , th e  C - X  b o n d s  a re  
s h o r te r  th a n  fo r  th e  m o n o s u b s t itu te d  c a s e .10 T h is  h a s  b e e n  a tt r ib u te d  to  an  ‘e le c ­
tro n e g a tiv ity  e f fe c t ’,4 w h ic h  is d e s c r ib e d  a s  fo llo w s . T w o  o r  m o re  e le c tro n e g a t iv e  s u b ­
s t itu e n ts  (X ) on  a  c a rb o n  a to m  w ill le a d  to  a  la rg e r p a r t ia l p o s it iv e  c h a rg e  on  th a t c a r ­
b o n ; th e  C - X  b o n d s  w ill th e re fo re  b e  s h o rte n e d  b e c a u s e  o f th e  in c re a s e d  e le c tro s ta t ic  
a ttra c t io n  b e tw e e n  th e  C  a n d  X  a to m s . H o w e ve r, th e re  is  e x p e r im e n ta l e v id e n c e  to  
s u g g e s t th a t  an  a d d it io n a l fa c to r  is  a t w o rk  in c o m p o u n d s  e x h ib it in g  an  a n o m e r ic  
e ffe c t, a s  b o n d  le n g th s  a re  fo u n d  to  be  dependent on  th e  v a lu e s  o f th e ir  to rs io n  
a n g le s ; an  o b s e rv a t io n  th a t c o u ld  n o t be  e x p la in e d  b y  th e  e le c tro n e g a t iv ity  e ffe c t.
T h e  to rs io n  a n g le  d e p e n d e n c e  o f b o n d  le n g th  h a s  b e e n  o b s e rv e d  fo r  c a rb o h y ­
d ra te s ,11-12 b u t p e rh a p s  th e  c le a re s t d e m o n s tra t io n  o f it is  s e e n  in th e  c ry s ta l s tru c ­







T h is  m o le c u le  c o n ta in s  b o th  a  gauche C - O - C - C I  fra g m e n t (w ith  th e  C l a x ia l)  a n d  a  
trans f r a g m e n t (w ith  th e  C l e q u a to r ia l) . T h e  c ry s ta l s tru c tu re  s h o w s  th e  C - 0  a n d  
C - C I  b o n d s  o f th e  trans f ra g m e n t to  be  o f n o rm a l le n g th  fo r  a lk y l e th e rs  a n d  c h lo ­
r id e s , w h e re a s  th o s e  o f th e  gauche fra g m e n t d e m o n s tra te  b o n d  s h o r te n in g  fo r  th e  
C - 0  b o n d , a n d  b o n d  le n g th e n in g  fo r  th e  C - C I  b o n d . T h e  v a lu e  o f th e  C - O - C - C I
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to rs io n  is  th e re fo re  s h o w n  to  h a v e  a  c r it ic a l e ffe c t on  th e  v a lu e s  o f th e  b o n d  le n g th s . 
A  s im ila r  p a tte rn  o f b e h a v io u r  is  re p ro d u c e d  in ab initio c a lc u la t io n s  o f a c e ta ls  a n d  
h e m ia c e ta ls .14’15 T h e  b o n d  le n g th s  sh o w n  b e lo w  w e re  o b ta in e d  b y  V a n  A ls e n o y  et al. 
fo r  d im e th o x y m e th a n e  (u s in g  th e  4 -2 1 G  b a s is  s e t)  a n d  s h o w  a  s im ila r  b o n d  s h o r te n ­






T h e re  a re  th e re fo re  tw o  o b s e rv a t io n s  c o n c e rn in g  th e  a n o m e r ic  e ffe c t th a t m u s t 
b e  ta k e n  in to  a c c o u n t w h e n  d e v is in g  a  v a le n c e  fo rc e fie ld  m o d e l to  a c c o u n t fo r  it. 
F irs tly , th e  fo rc e fie ld  s h o u ld  b e  a b le  to  re p ro d u c e  th e  c o n fo rm a tio n a l e n e rg y  d if fe r ­
e n c e s  o f th e  a n o m e r ic  fra g m e n t, a n d  se c o n d ly , it s h o u ld  be  a b le  to  re p ro d u c e  th e  
d e p e n d e n c y  o f th e  b o n d  le n g th s  o n  to rs io n  a n g le s . In o rd e r  to  c o n s tru c t a  fo rc e fie ld  
m o d e l, h o w e v e r, w e  m u s t f irs t u n d e rs ta n d  th e  e le c tro n ic  b a s is  o f th e  a n o m e r ic  e ffe c t.
7.2 The Mechanism of the Anomeric Effect
A  n u m b e r  o f ra t io n a lis a t io n s  o f th e  a n o m e r ic  e ffe c t h a v e  b e e n  a d v a n c e d  in th e  l ite ra ­
tu re .16' 18 T h e s e  h a v e  a ll s o u g h t to  a c c o u n t, a t le a s t q u a lita t iv e ly , fo r  th e  p re fe re n c e  
fo r  gauche (a n d  a x ia l)  c o n fo rm a tio n s : h o w e ve r, m o s t d o  n o t p re d ic t th e  b o n d  le n g th  
c h a n g e s  w h ic h  a re  c h a ra c te r is t ic  o f s y s te m s  d e m o n s tra t in g  th e  a n o m e r ic  e ffe c t. T h e  
th e o re tic a l w o rk  b y  P o p le , J e ff re y  a n d  c o -w o rk e rs  o n  a n o m e r ic  m o d e l c o m ­
p o u n d s 19’20’11 h a s  s h o w n  th a t two o f th e  p re v io u s ly  s u g g e s te d  e x p la n a t io n s  w e re  
s u b s ta n t ia l ly  c o rre c t, a n d  th a t both c o n tr ib u te d  to  th e  c o m p le te  d e s c r ip t io n  o f th e
1.420 1.420
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a n o m e r ic  e ffe c t. W e s h a ll re fe r  to  th e s e  c o n tr ib u t in g  e ffe c ts  a s  (i) d ip o le -d ip o le  re p u l­
s io n , a n d  (ii) n -o * c o n ju g a tio n .
7.2.1 Dipole-Dipole Repulsion
T h is  w a s  o n e  o f the  f irs t e x p la n a t io n s  p ro p o s e d  fo r  th e  a n o m e r ic  e f fe c t ,16 a n d  s e e k s  
to  a c c o u n t o n ly  fo r th e  c o n fo rm a tio n a l p re fe re n c e s . T h e  th e o ry  s u g g e s ts  th a t th e  
trans ro ta m e r  a b o u t a  C - 0  b o n d  in an  a c e ta l is d e s ta b ilis e d  b y  an  e le c tro s ta t ic  re p u l­
s io n  b e tw e e n  d ip o le s . T h e s e  d ip o le s  a re  th e  b o n d  d ip o le  o f o n e  C - 0  b o n d , a n d  a  
lo ca l d ip o le  on  th e  a d ja c e n t o x y g e n , c a u s e d  b y  th e  p re s e n c e  o f th e  lo n e -p a ir  e le c t­
ro n s .
C
trans CIS
d ipo les a ligned 
m ax. repulsion
d ipo les opposed 
m in. repu ls ion
Energy
>
-180O -60 60 180
T h e  m a x im u m  re p u ls io n  w ill be  w h e n  th e  d ip o le s  a re  a lig n e d  (a t <j>ococ =  180°, trans) 
a n d  w ill b e  a t a  m in im u m  w h e n  th e  d ip o le s  a re  o p p o s e d  (<t>ococ = 0°. c /s)- T h e  trans
m in im u m  w ill th e re fo re  b e  d e s ta b ilis e d  w ith  re s p e c t to  th e  gauche. T h is  m e c h a n is m , 
a lth o u g h  re g a rd e d  a s  b e in g  a  c o n tr ib u to r  to  th e  a n o m e r ic  e f fe c t,2 d o e s  n o t a c c o u n t fo r  
th e  v a r ia t io n  o f b o n d  le n g th  w ith  to rs io n  a n g le .
7.2.2 n-o* Conjugation
n -o * C o n ju g a tio n  w a s  f irs t s u g g e s te d  b y  L u c k e n 18 a n d  is  a  lo c a lis e d  m o le c u la r  o rb ita l 
d e s c r ip t io n  o f th e  a n o m e r ic  e ffe c t. A t c e r ta in  v a lu e s  o f th e  a n o m e r ic  to rs io n  a n g le , 
o rb ita l o v e r la p  o c c u rs  b e tw e e n  a  lo n e -p a ir  o f e le c tro n s  in an  o rb ita l on  o n e  o f th e  o x y ­
g e n  a to m s , a n d  a  c* a n tib o n d in g  o rb ita l o f th e  a d ja c e n t C -0  b o n d .
orb ita l (em pty)
orbital
full
A s  ca n  b e  s e e n  fro m  th e  d ia g ra m  a b o v e , th e  o x y g e n  lo n e -p a ir  (in  a  2 p  o rb ita l)  h a s  
th e  c o r re c t o r ie n ta t io n  fo r  o v e r la p  w ith  th e  a* o rb ita l a t <t> v a lu e s  o f n e a r + 9 0 ° a n d  -90°. 
T h is  o v e r la p  lo w e rs  th e  e n e rg y  o f th e  lo n e -p a ir  e le c tro n s  (a s  s h o w n  in th e  e n e rg y  d ia ­
g ra m  b e lo w ) a n d  th u s  s ta b il is e s  c o n fo rm a tio n s  fo r  w h ic h  it c a n  o ccu r.
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T h e  o b s e rv e d  b o n d  le n g th  c h a n g e s  a re  a ls o  e x p la in e d  b y  th is  m e c h a n is m : th e  n -o * 
o v e r la p  g iv e s  a  rc-type in te ra c t io n  b e tw e e n  th e  ‘d o n o r ’ o x y g e n  a n d  th e  c a rb o n , re s u lt­
ing  in a  s tro n g e r, shorter b o n d . C o n v e rs e ly , n -o * o v e r la p  lengthens th e  o th e r C - O  
b o n d  s in c e  e le c tro n  d e n s ity  in  its  a n tib o n d in g  o rb ita l w ill b e  in c re a s e d . W h e n  no n -o * 
o v e r la p  o c c u rs , h o w e ve r, th e  b o n d  le n g th s  w ill n o t d e v ia te  fro m  th e ir  n a tu ra l v a lu e s . 
Gauche c o n fo rm a tio n s  h a v e  <p v a lu e s  o f a b o u t 6 0 *, s u ff ic ie n t ly  c lo s e  to  90° fo r  n -o * 
o v e r la p  to  o ccu r, a n d  s o  th e y  w ill b e  s ta b il is e d  w ith  re s p e c t to  th e  trans c o n fo rm a tio n  
( fo r w h ic h  =  180°).
In a c e ta ls  a n d  h e m ia c e ta ls , tw o  s u c h  o rb ita l o v e r la p s  c a n  o c c u r  s im u lta n e o u s ly , 
if b o th  C - 0  to rs io n  a n g le s  a re  a t (o r  n e a r) 90°:
R  R
R  R
T h is  e x p la in s  w h y  th e  gauche,gauche c o n fo rm e r  o f d im e th o x y m e th a n e  is th e  m o s t 
s ta b le .8
T h is  m e c h a n is m  is  c o n s is te n t w ith  b o th  th e  e x p e r im e n ta l a n d  ab initio re s u lts  
re g a rd in g  b o n d  le n g th s  (s e e  S e c tio n  7 .1 ). A  s u m m a ry  o f th e  e ffe c ts  re s u lt in g  fro m  
n -a * c o n ju g a t io n  is g iv e n  in T a b le  7 .1 .
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Table 7.1 Effects of n-a* Conjugation
<j> (R —O a—C —O b ) C - O a (b ) C - O b (b ’) R e la t iv e  E n e rg y
0° n o rm a l n o rm a l h ig h
90* s h o r t lo n g lo w
180* n o rm a l n o rm a l h ig h
2 7 0 ° (= -9 0 ° ) s h o r t lo n g lo w




n -a * C o n ju g a tio n  is  s o m e tim e s  d e s c r ib e d  a s  ‘d o u b le -b o n d  n o -b o n d  re s o n a n c e ’,3 
a s  th e  fo l lo w in g  re s o n a n c e  d ia g ra m  ca n  b e  d ra w n :





H o w e v e r, fro m  d ia g ra m s  like  th e s e , th e  d e p e n d e n c e  o f th is  ‘re s o n a n c e ’ on  th e  ro ta ­
tio n  a b o u t th e  R - O - C - O  to rs io n  is  n o t o b v io u s .
Hybridisation of the Lone-Pair Electrons
T h e  d e s c r ip t io n  g iv e n  a b o v e  fo r  n -a * c o n ju g a t io n  d e p ic te d  th e  lo n e -p a ir  e le c tro n s  on 
th e  ‘d o n o r ’ o x y g e n  (O a ) a s  o c c u p y in g  a  2 p  o rb ita l. T h is  re q u ire s  th e  o x y g e n  a to m  O a 
to  b e  s p 2 h y b r id is e d . T h e  s e c o n d  lo n e -p a ir  on  O a , n o t in v o lv e d  in n -a * c o n ju g a t io n , is 
th e re fo re  in an  s p 2 o rb ita l. A n  a lte rn a t iv e  w a y  o f d e s c r ib in g  th e  o x y g e n  lo n e -p a irs  is
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as tw o  e n e rg e t ic a lly  e q u iv a le n t, s p 3 h y b r id is e d  o rb ita ls .
o CDsp2
.. 2p
n -a * C o n ju g a tio n  h a s  b e e n  ra t io n a lis e d  u s in g  b o th  th e s e  d e p ic t io n s  o f h y b r id is a t io n ,21 
a n d  K irb y  h a s  a rg u e d  th a t th e  tw o  re p re s e n ta t io n s  a re  m a th e m a tic a lly  a lm o s t e q u iv a ­
le n t 2 H o w e v e r, re c e n t e v id e n c e  fro m  a  s ta t is t ic a l a n a ly s is  o f c ry s ta llo g ra p h ic  d a ta  
s u p p o r ts  th e  s p 2 h y b r id is e d  o x y g e n , w ith  n o n -e q u iv a le n t lo n e -p a irs  22 P h o to -e le c tro n  
s p e c tro s c o p y  a ls o  s u g g e s ts  n o n -e q u iv a le n c e  o f lo n e -p a irs , a s  tw o  d if fe re n t io n is a tio n  
e n e rg ie s  a re  fo u n d  fo r  th e  lo n e -p a ir  e le c tro n s .23-24
7.3 Previous Empirical Approaches to the Anomeric Effect
B e fo re  c o n s id e r in g  h o w  to  a d a p t o u r  fo rc e fie ld  to  re p ro d u c e  th e  a n o m e r ic  e ffe c t, it is 
re le v a n t to  c o n s id e r  th e  m e th o d s  th a t h a v e  b e e n  u s e d  to  a c c o u n t fo r  it in p re v io u s  
c o m p u ta tio n a l s tu d ie s .
Rigid G eom etry  Calculations
T h e  e a r l ie s t c o m p u ta tio n a l m o d e llin g  o f c a rb o h y d ra te  m o le c u le s  w a s  p e r fo rm e d  u s in g  
a  r ig id  g e o m e try  m e th o d  w h ic h  c o n s id e re d  o n ly  n o n -b o n d  in te ra c t io n s  (th e  s o -c a lle d  
‘H a rd -S p h e re ’ m e th o d ) .25 H o w e v e r, b e c a u s e  th e  a n o m e r ic  e ffe c t is s o  im p o r ta n t in 
d e te rm in in g  th e  c o n fo rm a tio n s  a b o u t g ly c o s id ic  l in k a g e s , a  fu r th e r  ‘e x o -a n o m e r ic ’ 
e n e rg y  te rm  w a s  a d d e d  th a t g iv e s  an  a d d it io n a l e n e rg y  c o n tr ib u t io n  d e p e n d e n t s o le ly  
on th e  g ly c o s id ic  to rs io n  a n g le .
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E lb ta l — ^non-bond +  E, •exo-anomeric
T h e  fu n c t io n  u s e d  to  d e s c r ib e  th is  e x o -a n o m e r ic  e n e rg y  is  a  th re e  c o m p o n e n t F o u r ie r  
s e r ie s .
T h e  p a ra m e te rs  o f th is  fu n c t io n  w e re  d e te rm in e d  b y  f it t in g  to  th e  to rs io n a l ro ta tio n  
p o te n t ia l o f a  m o d e l c o m p o u n d , d im e th o x y m e th a n e , fo u n d  b y  ab initio c a lc u la t io n s .26 
T h is  h a s  b e c o m e  kn o w n  a s  th e  H S E A  (H a rd -S p h e re  E x o -A n o m e r ic )  m e th o d , a n d  h a s  
b e e n  u s e d  in c o n ju n c t io n  w ith  N M R  in th e  s tu d y  o f o l ig o s a c c h a r id e  c o n fo rm a tio n .26-27
Flexible Geometry Calculations
T o  o u r  k n o w le d g e , th e  o n ly  f le x ib le  g e o m e try  fo rc e fie ld s  th a t h a v e  s p e c if ic a lly  
a tte m p te d  to  re p ro d u c e  th e  a n o m e r ic  e ffe c t a re  th o s e  o f A llin g e r, M M 1 a n d  M M 2  28-4
T h e s e  fo rc e fie ld s  in c lu d e  lo n e -p a irs  e x p lic it ly  (a s  p s e u d o -a to m s , LP) s itu a te d  
0 .5  A  fro m  th e  o x y g e n  a to m  b e a r in g  th e m , a n d  w ith  a  LP-O-LP ‘v a le n c e  a n g le ’ o f 
140°. T h e  LP-0 b o n d s  a re  a ls o  c o n s id e re d  to  h a v e  an  a s s o c ia te d  d ip o le  m o m e n t 
(w ith  th e  lo n e -p a ir  n e g a tiv e ) . A n  a d v a n ta g e  o f th is  d e p ic t io n  o f lo n e -p a irs  is  th a t th e  
d ip o le -d ip o le  re p u ls io n  (d is c u s s e d  in  S e c tio n  7 .2 .1 )  w ill b e  a c c o u n te d  fo r  w ith o u t fu r ­
th e r  m o d if ic a t io n  o f th e  fo rc e fie ld .
E.exo-anomencic =  V ^ l - c o s ^ )  +  V 2( 1-cos2<|)) + V3(1-cos3<|>) + k
LP = lone pair
L P
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The MM1 and MM2 forcefields further seek to reproduce the energetics of n-a 
conjugation by using a twofold torsional term for the LP-O-C-O torsion angle.28-4
V2
E o c o l p  =  ~ 2 “ 0  _ c o s 2<1>o c c >l p )
This gives a minimum value of E q c o l p  at <j> values of 0 ’ and 1 8 0 ’ , and a maximum at 
9 0 *  and - 9 0 * .  The justification made for this functional form is that the n-a* overlap 
will be greatest when the O-C and O-LP bonds of the O-C-O-LP fragment are 
aligned.28
So far, the calculations methods described have attempted to account only for 
the energetics of the anomeric effect. In 1984, however, Allinger and Norskov-Lau- 
ritsen4 described an amendment to MM2 aimed at reproducing the accompanying 
bond length changes. Although they acknowledged that a bond-torsion cross term 
would be the most straightforward way to account for the dependence of a bond 
length on a torsion angle, they did not use this approach because of the difficulties 
involved in implementing such a term in the MM2 program. Instead, they used an 
approximation that amounts to a torsionally dependent b0 parameter. (Although 
Allinger uses the symbol l0 for his parameter, it is essentially the same quantity as our 
b0 parameter, i.e. the ‘strain-free’ bond length.)
The functional form that relates l0 to the torsion angles within the acetal frag­
ment (C1-O 2 -C 3 -O 4 -C 5 ) was selected to reproduce both bond shortening and 
lengthening at the appropriate torsion angle values. For example, the normal value of 
l0 for the O2 -C 3  bond is altered by an amount 51, to give a new strain-free bond 
length l'0, in the following manner:
I'o = lo + SI
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where
i /  p i /
51 = —(1 + 00824)2,3) — —(1 + COS2(j)34) + d
The results obtained by this method for dimethoxymethane are compared for those 
for our forcefield in Section 7.6.1.
7.4 A Valence Forcefield Model of the Anomeric Effect
One of the basic philosophies behind the valence forcefield method is that the confor­
mational energy of a molecule can be partitioned into energy terms that have some 
physical significance. In theory, conformational energy could be represented by any 
arbitrary function of the atomic positions, so long as it contained a sufficient number 
of parameters. However, because chemists generally try to understand conforma­
tional energy in terms of bond stretches, steric clashes and so forth, functional forms 
are invariably selected to reflect these perceptions.
In choosing a forcefield description of the anomeric effect, we have sought to 
apply this same philosophy, firstly by understanding the underlying electronic mecha­
nisms, and secondly devising simple functional forms that bear an obvious relation­
ship to these mechanisms.
In Section 7.2, two mechanisms that contribute to the anomeric effect were 
described. These were dipole-dipole repulsion and n-o* conjugation. We shall now 
show how each of these may be accounted for in a valence forcefield formalism.
7.4.1 Dipole-Dipole Repulsion
As described in Section 7.2.1, this is the repulsion that occurs between a local dipole
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on an oxygen atom and that of the adjacent C-O bond.
trans CIS
d ipo les a ligned 
m ax. repu ls ion
d ipo les opposed 
m in. repu ls ion
This type of electrostatic repulsion was not accounted for in our original forcefield, as 
oxygen lone-pairs are not explicitly included. It was a relatively easy matter, however, 
to incorporate this effect into the forcefield by the use of the onefold (V^ torsional 
term. From the diagram above, the dipole-dipole repulsion will be at a maximum 
when the O-C-O-R fragment is trans (<|) = 180*) and will fall to a minimum in the cis 
position (<J> = 0*). By using a negative parameter (cf. dimethoxyethane, Section 
6.4.2) this energy difference can be reproduced.
E = V-i (1 —c o s<J>q c o r )
Energy
- 180 °  
t—= 180° >  ^OCOR
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7.4.2n -o *  Conjugation
This localised molecular orbital description of the anomeric effect was described in 
Section 7.2.2. Conformations of the O-C-O-R fragment were considered which indi­
cated energy stabilisation and bond length changes to occur at <!>o c o r  values of +90* 
and -90*. Table 7.1 (see Section 7.2.2) gave a summary of the effects of n-a* conju­
gation. This table can also be considered to summarise the requirements of a force­
field description of n-a* conjugation: a continuous function is needed that reproduces 
the effects shown in Table 7.1.
The quantities b and b’ represent the central and terminal C -0  bond lengths in 
the O-C-O-R fragment (see Table 7.1). As both b and b’ are dependent on <J>o c o r » 
the most appropriate way in which to account for this was considered to be with two 
bond-torsion cross terms. These cross terms firstly relate <|>o c o r  a n d  b, and secondly 
<I>o c o r  and b’.
b' b 
O C O R
E t y  = Kb(fr (b -b 0) (1  - c o s 2 < J > o c o r )  bond shortening term
Eb'«> = -K b'<i> (b '-b'o) (1 - c o s 2 < t > o c o R )  bond lengthening term
The functional forms of these two terms are almost identical except for the presence 
of a minus sign in the second term. This is what leads to the bond lengthening of b\ 
rather than the bond shortening of b, and the reason for this will become clearer 
below.
The way in which these functional forms serve to reproduce the effects shown in 
Table 7.1 can be seen by plotting the function as a three-dimensional energy surface. 
Figure 7.1 shows how the energy Eb<() varies for the b/<j> cross term. The low energy 
areas of the surface can be seen to occur at values of <J> of +90* and -90*, and at neg­
ative values of Ab (= b -b 0). This should therefore reproduce both the stabilisation
- 157
F ig u re  7.1 Potentia l Surface for the b/<|) C ross Term
F ig u re  7.2 Potentia l Surface fo r the b ’/<}> C ross Term
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energy and the short bond length required at these torsion angles. At $ values of 0° 
and 180*, where no orbital overlap occurs, the energy is zero (as 1-cos<J> = 0) and 
there is no effect on bond length.
A similar plot of the bV<j) cross term is shown in Figure 7.2. As expected from 
their functional forms, the sign of the energy is now reversed and the low energy 
areas of the surface occur this time at positive Ab' values. This therefore results in a 
bond lengthening effect.
7.5 The Bond-Torslon Potential Surface
In order to further clarify our choice for the functional forms discussed in Section 
7.4.2, it is worthwhile illustrating how these energy terms combine with the other 
terms in the forcefield to give the total potential surface.
We shall consider only the bond-shortening term here, but because of the simi­
larity of the two terms, the application of these arguments to the bond-lengthening 
term is directly analogous.
The energy terms present in the forcefield that relate directly to the values of b 
and <J> are the bond stretch term, the torsion term and the new bond-torsion cross 
term.
^Total =  ^bond +  b^<(» +  ^torsion
The potential energy surface for E ^ was presented in the previous section (Figure 
7.1). We will now look at the potential surfaces that are given by the other energy 
terms in the above expression, Ebond and Etorsion.
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The Bond Stretch Energy (Ebond,}
From the forcefield equation (3.1) the bond stretch energy is given by a Morse poten­
tial:
Ebond = Kb [1 -  exp(-a{b -  b0} ) ]2 -  Kb
A plot of the energy surface resulting from this function is shown in Figure 7.3, show­
ing the surface to be ‘valley’ shaped (this holds for b values close to b0).29 The 
energy is independent of $ (as expected) but rises steeply when the bond is stretched 
(Ab positive) or compressed (Ab negative).
The Torsion Energy (EtorsioJ
Again, from the forcefield equation (3.1), the torsional energy was given as the sum of 
three cosine terms.
Etorsion = Vi (1 +COSCJ)) + V2(1 -cos2<j>) + V3(1 +cos3<J>)
The V2 parameter for the O-C-O-R torsion is zero, and so this leaves only the one­
fold and threefold term to describe the torsional energy. The onefold term was 
shown in Section 7.4.1 to mimic the effect of dipole-dipole repulsion, as long as Vi 
has a negative value. The threefold term derives from the simple preference for stag­
gered conformations (<}) = 60*. 180*, -60*) over eclipsed (<J) = 0*, 120*, -120*). The 
energy surfaces for these two torsional terms are shown in Figure 7.4(a) & (b), and 
the total torsional energy, EtorSj0n, given by the sum of these two terms, is shown in 
Figure 7.4(c).
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Figure 7.3 Potentia l Surface fo r the B ond-S tre tch  Term
Figure 7.4 Potentia l S urface fo r the  O nefo ld  and Threefo ld  Torsion Terms
(a) O nefo ld (b) Threefo ld
(c ) To ta l Tors iona l 
P otentia l
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F ig u re  7 .5  Sum m ation of the b/<j> C ross Term and the Bond-S tre tch  Term s
(c) B ond-S tre tch
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The Total Bond-Torsion Energy (E Jota\)
We are now in a position to construct the total bond-torsion potential surface, by sum­
ming the component surfaces for Ebond, Eb$ and Etoreion. This summation is illus­
trated in Figures 7.5 and 7.6.
The total bond-torsion potential energy surface shown in Figure 7.6(c) should 
now account for the behaviour of the anomeric bonds. In Figure 7.6(c), three minima 
are apparent, corresponding to the trans, gauche(+) and gauche(-) conformations. It 
should be noted that the two gauche minima are at lower energy than the trans, thus 
reflecting the experimentally observed preference for the gauche conformations. 
Additionally, the gauche minima are shown to lie in front of the <{> axis in Figure 7.6(c): 
this results from the bond-shortening effect of the bond-torsion cross term.
It seems, therefore, that the functional forms used here (i.e. the onefold term to 
account for dipole-dipole repulsion, and the bond-torsion term to account for n-a* con­
jugation) should, at least from these qualitative considerations, be able to reproduce 
the observations caused by the anomeric effect.
Note that although we have only considered the bond-shortening term here 
(b/<|)); the bond-lengthening term (bV<J>) will give a similar energy surface to Figure 
7.6(c), except that the gauche minima will now lie behind the <|> axis, indicating bond- 
lengthening to be favoured.
The remainder of this chapter deals with the parameterisation of these functions, 
and the application of the resulting forcefield to the study of acetal model compounds.
7.6 Determination of the Anomeric Parameters
Having decided on the functional form to be used to represent the anomeric effect, it 
remains to determine the values of the parameters for these new functions, as well as 
the more conventional parameters for the O-C-O unit.
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H -(C -0 )-0  
0-(C -H )—O 
C-O-C-O
Kb






c-o-c-o Vi Conformational Energies of Dimethoxymethane
a Ca = anomeric carbon atom (see Appendix I for a description of atom types)
We decided to use acetals (rather than hemiacetals) as model compounds for 
the anomeric effect for two reasons. Firstly, very few gas phase studies have been 
made for hemiacetals (perhaps because they are less volatile due to hydrogen bond­
ing); and secondly, the very large 1,4 electrostatic attraction occurring in the 
6"0 -C -0 -H 5+ fragment could obscure the more subtle nature of the anomeric effect 
itself.
Table 7.2 shows the parameters relating to the anomeric fragment, and the data 
that they were fitted to. (The final parameter values are included in the tables of 
forcefield parameters in Appendix I.)
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7.6.1 Results for Dimethoxymethane
In so  fa r  a s  is p o s s ib le , w e  h a v e  a tte m p te d  to  f it  fo rc e fie ld  p a ra m e te rs  to  g a s  p h a s e  
e x p e r im e n ta l d a ta . U n fo rtu n a te ly , g o o d  q u a lity  g a s  p h a s e  s tru c tu ra l d a ta  fo r  a c e ta ls  
(e le c tro n  d iffra c t io n  o r  m ic ro w a v e )  h a s  p ro v e d  to  b e  v e ry  s c a rc e . T h e  ra g e o m e try  fo r  
d im e th o x y m e th a n e  h a s  b e e n  d e te rm in e d  b y  A s tru p 30 a n d  s h o w e d  it to  be  p re d o m i­
n a n tly  in  th e  gauche,gauche  c o n fo rm a tio n .
H h
0 ^ 0  
I i
c h 3 c h 3
gauche.gauche  gauche ,trans trans,trans
C onfo rm ations of D im ethoxym ethane
H o w e v e r, s o m e  o f th e  s tru c tu ra l fe a tu re s  fo u n d  in th is  d e te rm in a t io n  - p a r t ic u la r ly  th e  
C - 0  b o n d  le n g th s  - a re  th e  s u b je c t o f s o m e  c o n tro v e rs y .15-4 F ro m  h e r a n a ly s is  o f th e  
ra d ia l d is tr ib u tio n  fu n c t io n  g iv e n  b y  e le c tro n  d if fra c t io n , A s tru p  o b ta in e d  v e ry  d if fe re n t 
v a lu e s  fo r  th e  C H 3- 0  a n d  C H 2- 0  b o n d  le n g th s  (1 .4 3 2  A  a n d  1 .3 8 2  A  re s p e c t iv e ly )  
w h ic h  a re  n o t s u p p o r te d  b y  ab initio c a lc u la t io n s .15-7 A  s in g le  p e a k  in th e  ra d ia l d is t r i­
b u tio n  fu n c t io n  w a s  fo u n d  fo r  th e  C - 0  b o n d s  o f d im e th o x y m e th a n e , a n d  th is  m a y  
in d e e d  c o rre s p o n d  to  tw o  d if fe re n t b o n d  le n g th s : h o w e v e r, V an  A ls e n o y  et al. a rg u e  
th a t d is ta n c e s  w ith in  0 .0 5  A  c a n n o t b e  re s o lv e d  w ith  c o n fid e n c e  fro m  th e  ra d ia l d is t r i­
b u tio n  fu n c t io n , a n d  th a t th e re fo re  o n ly  th e  average  C - 0  b o n d  le n g th  m a y  be  ta k e n  
a s  an  o b s e rv a b le .
In a d d it io n  to  A s tru p ’s  d a ta  th e re fo re , w e  h a v e  d e c id e d  to  c o n s id e r  th e  fu l ly  
o p tim is e d  ab  initio g e o m e tr ie s  o f V a n  A ls e n o y  a n d  c o -w o rk e rs .15 A lth o u g h  u s in g  th e o ­
re t ic a l d a ta  ra th e r  th a n  e x p e r im e n ta l d a ta  ru n s  c o n tra ry  to  th e  o r ig in a l p h ilo s o p h y  o f 
th e  C o n s is te n t F o rc e fie ld  c o n c e p t,31 th e  u se  o f th e s e  p a r t ic u la r  g e o m e tr ie s  d o e s  h a v e
H H




some justification. Van Alsenoy and his co-workers have carried out extensive com­
parisons of their ab initio calculations with those of electron diffraction measurements; 
3 2  and this enables the estimation of ‘rg’ values from ab initio results. The compari­
son showed C-O bond lengths determined by ab initio calculations (4-21G basis set) 
to be between 0.019 A and 0.026 A longer than corresponding rg values. We have 
therefore followed the example of Allinger (who also used Van Alsenoy’s geometries 
for dimethoxymethane to parameterise the forcefield MM2(82)4 ) and corrected the ab 
initio bond lengths by -0.023 A (an average of -0.019 A and -0.026 A).
Four geometries for Dimethoxymethane are shown in Table 7.3, and these relate 
to: (i) the experimental ra values, (ii) the ‘rg-corrected’ ab initio values, (iii) the results 
obtained with our forcefield, and (iv) the geometry obtained from MM2(82). We fitted 
three of our forcefield parameters to the ab initio CH2- 0  bond length values (embol­
dened) in Table 7.3: these parameters were b0  for the 0 -C a bond, and the Kb()) and 
Kb'<t, parameters for the C-O-C-O torsion. As can be seen from the table, the bond 
lengths from our forcefield reproduce those of the ab initio geometry almost exactly. 
The MM2(82) geometry is taken from reference 4, and also seems to have been fitted 
to the same corrected ab initio data; again using three similar parameters (k,c and d - 
see Section 7.3). The results of the two forcefields are thus directly comparable, and 
it can be seen that the MM2(82) values for the CH2- 0  bond lengths deviate by 
between 0.012 and 0.016 A from the corrected ab initio bond lengths, compared with 
a maximum deviation of 0.002 A from our forcefield. It therefore seems that our bond- 
torsion cross terms give a better representation of the anomeric effect than the 
MM2(82) approximation of a torsionally dependent l0  parameter (see Section 7.3).
Other aspects of the geometry are also worthy of note. In particular, the 
C-O-C-O  torsion angle calculated by our forcefield is in excellent agreement with 
those found both by experiment and ab initio. The O-C-O angle is indicated by the 
ab initio calculations to be heavily dependent on the conformation, and the two
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Table 7.3 Geometries of Dimethoxymethanea
Internal Source gauche,gauche gauche, trans trans,trans
E. Diff.*' (ra) 1.382 - -
CH2- 0
Ab Initio0 (4-21G) 1.399 1.386/1.409 1.397
This work 1.399 1.388/1.411 1.396
MM2(82)rf 1.413 1.398/1.425 1.410
E. Diff.6 (ra) 1.432 - -
CH3- 0
Ab Initio° (4-21G) 1.426 1.425/1.419 1.421
This work 1.425 1.426/1.422 1.423
MM2(82)d 1.422 1.422/1.421 1.422
E. Diff.6 (ra) 114.6 - -
c -o -c Ab Initicf (4-21G) 114.5 114.9/114.3
114.0
This work 116.1 116.8/114.8 115.7
MM2(82)rf 112.8 112.8/111.9 119.0
E. Diff.6 (ra) 114.3 - -
o -c -o Ab Initio0 (4-21G) 112.4 109.5
105.9
This work 113.9 109.8 104.2
MM2(82)d 111.7 109.3 106.4
E. Diff.6 (ra) 63.3 - -
C—O—C--0
Ab Initio0 (4-21G) 62.4 57.4/179.4 180
This work 64.0 64.9/178.0 180
MM2(82)d 72.9 73.0/175.0 180
a Bond lengths are in A, Bond angles in degrees.
b From Reference 30
c From Reference 15 (bond lengths corrected by -0.023 A - see text).
d From Reference 4
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fo rc e fie ld  m e th o d s  a ls o  re f le c t th is . F ro m  o u r  c a lc u la t io n s , th is  is fo u n d  to  be  m a in ly  
th e  re s u lt  o f n o n -b o n d  re p u ls io n s : in th e  gauche,gauche  c o n fo rm a tio n , re p u ls io n  
b e tw e e n  th e  te rm in a l m e th y l g ro u p s  s e rv e s  to  o p e n  th e  O - C - O  a n g le , w h ile  in th e  
trans,transform , m e th y l-m e th y le n e  re p u ls io n s  c a u s e  it to  c lo s e .
gauche .gauche  trans,trans
A p a r t  fro m  th e  g e o m e try , th e  re la tiv e  e n e rg ie s  o f th e  c o n fo rm a tio n s  o f d im e th o x y -  
m e th a n e  a re  a ls o  im p o r ta n t. T h e  o n ly  e x p e r im e n ta l s tu d y  o f th e  e n e rg e t ic s  o f th is  
m o le c u le  w a s  m a d e  b y  U c h id a  a n d  K u b o  in 1 9 5 6 .8 T h e y  m e a s u re d  th e  te m p e ra tu re  
d e p e n d e n c e  o f th e  d ip o le  m o m e n t o f d im e th o x y m e th a n e  in th e  g a s e o u s  s ta te . T h e  
d ip o le  m o m e n t o f th e  d im e th o x y m e th a n e  m o le c u le  c h a n g e s  w ith  c o n fo rm a tio n , a n d  
in c re a s e s  in th e  o rd e r  gauche.gauche, gauche,trans  a n d  trans,trans. B y  m a k in g  th e  
a s s u m p t io n  th a t  th e  e n e rg y  d if fe re n c e  b e tw e e n  th e  gauche,gauche  a n d  gauche, trans 
fo rm s  w a s  th e  s a m e  a s  th a t b e tw e e n  th e  gauche,trans  a n d  trans,trans  fo rm s ; U c h id a  
a n d  K u b o  o b ta in e d  re la tiv e  e n e rg ie s  o f 0, 1.71 a n d  3 .4 2  k c a l/m o l re s p e c t iv e ly  fo r  th e  
gauche.gauche, gauche,trans  a n d  trans,trans  c o n fo rm e rs . T h is  a s s u m p t io n  w a s  
m a d e  o n  th e  s u p p o s it io n  th a t th e  gauche-trans  e n e rg y  d if fe re n c e  fo r  e a c h  C H 2- 0  
b o n d  w o u ld  b e  in d e p e n d e n t o f th e  ro ta tio n  a b o u t th e  o th e r  C H 2- 0  b o n d .
W e  u s e d  th e s e  re la tiv e  e n e rg ie s  to  f i t  th e  p a ra m e te r  fo r  th e  C - O - C - O  to r ­
s io n  a n g le , w h ic h  is  u s e d  to  re p ro d u c e  th e  e ffe c ts  o f d ip o le -d ip o le  re p u ls io n  (a s  d is ­
c u s s e d  in S e c tio n  7 .4 .1 ) . T h e  v a lu e  o f th a t g a v e  th e  c lo s e s t f i t  to  th e s e  e n e rg ie s  
w a s  fo u n d  to  b e  -0 .7 0 0  k c a l/m o l. T a b le  7 .4  s h o w s  th e  re la tiv e  c o n fo rm a tio n a l
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energies of dimethoxymethane, determined by experiment,8  our forcefield, and 
MM2(82).4
Table 7.4. Relative Conformational Energies of Dimethoxymethane (kcal/mol)
gauche,gauche gauche,trans trans,trans
Experiment3 0 1.71 3.42
This Work 0 1.75 3.31
MM2(82)4 0 1.98 4.03
a From reference 8  
b From reference 4
The MM2 forcefield, which was not fitted to Uchida and Kubo’s experimental data, 
gives the energy of the trans,trans conformer as roughly twice that of the 
gauche,trans - thus supporting the assumption made by Uchida and Kubo in their 
experiment. It should be noted that although ab initio calculations predict the same 
rank order of conformational energies, they generally give much higher relative 
energy differences,7 -3 3 ' 1 5  with values up to 10.3 kcal/mol obtained for the trans,trans 
form, and 4.55 kcal/mol for the gauche,trans tom, relative to the gauche,gauche.'5
Because dimethoxymethane possesses only two torsion angles (internal rota­
tional degrees of freedom), the conformational energies may be conveniently 
expressed as a contour plot. Figure 7.7(a) shows a contour plot of the energy (calcu­
lated by our forcefield) as a function of the two C-O-C-O torsion angles. The two 
lowest minima are the gauche,gauche conformations at approximately (+60°,+60°) 
and (-60’ ,-60*). These are denoted g¥g¥ and g~g~ in Figure 7.7(a), and are mirror 
images of each other. The next lowest minima are the gauche,trans conformations,
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Figure 7.7(a) C alculated Energy Surface fo r D im ethoxym ethane as a Function of Internal 
Rotation abou t <J> and y
-1 00  0 100
Figure 7.7(b) Energy Surface fo r D im ethoxym ethane ca lcu la ted  
by ab initio (6 -31G*) (reproduced from  K.B W iberg & M.A. 








o f w h ic h  th e re  a re  fo u r : g+t, g~t, tg+ a n d  tg~. T h e  trans,trans (tt)  c o n fo rm a tio n  is 
th e  h ig h e s t e n e rg y  m in im u m , a n d  th is  o c c u rs  a t th e  fo u r  c o rn e rs  o f th e  p lo t. T h e  c e n ­
tra l a re a  o f th e  m a p  is o f h ig h  e n e rg y  b e c a u s e  th is  re p re s e n ts  g e o m e tr ie s  w e re  o n e  o r 
b o th  o f th e  to rs io n  a n g le s  a re  c lo s e  to  th e  e c lip s e d  p o s it io n . T h e  h y p o th e t ic a l g+g~ 
a n d  cfg+ c o n fo rm a tio n s  n e a r (+ 6 0 * ,-6 0 ')  a n d  (-6 0 ° ,+ 6 0 *) a re  n o t in d ic a te d  to  be  
m in im a  b u t ra th e r s a d d le -p o in ts  on  th e  tra n s it io n a l p a th w a y s  b e tw e e n  p a irs  o f 
gauche-trans m in im a .
l I I l
c h 3 c h 3 c h 3 c h 3
t g+ gg+ 9't
F ig u re  7 .7 (b )  s h o w s  th e  s a m e  e n e rg y  s u r fa c e  c a lc u la te d  b y  ab initio c a lc u la t io n s  
(6 -3 1 G *) a n d  is re p ro d u c e d  h e re  fro m  a  re c e n t p a p e r  b y  W ib e rg  a n d  M u rc k o .7 
A lth o u g h  th e  e n e rg y  v a lu e s  a re  s l ig h t ly  d if fe re n t, th e  m a in  fe a tu re s  o f th e  tw o  c o n ­
to u rs  p lo ts  a re  v e ry  s im ila r.
7.6.2 Vibrational Frequencies o f 1,3,5-Trioxane
A lth o u g h  th e  v ib ra t io n a l s p e c tra  o f d im e th o x y m e th a n e  h a v e  b e e n  s tu d ie d ,34-35 n o t a ll 
o f its  fu n d a m e n ta l fre q u e n c ie s  h a v e  b e e n  o b s e rv e d . T h is , to g e th e r  w ith  its  lo w  s y m ­
m e try  (C2) a n d  re la t iv e ly  la rg e  n u m b e r  o f n o rm a l m o d e s  (3 3 ) m a k e s  it u n s u ita b le  fo r  
th e  f it t in g  o f fo rc e  c o n s ta n t p a ra m e te rs . In s te a d , th e  d a ta  s e le c te d  fo r  th is  p u rp o s e  





This molecule has the advantage of very high symmetry, giving it a greatly simplified 
vibrational spectrum. Although trioxane has 12 atoms (giving rise to 30 vibrational 
modes) symmetry considerations mean that 2 0  of these modes are in degenerate 
pairs and therefore give only 10 frequency values. A further 3 frequencies are of the 
A2  symmetry species, which are not observed, being inactive in both IR and Raman. 
These leaves only 17 observed fundamental frequencies in the vibrational spectrum, 
and of these 4 relate to C-H stretching vibrations which are not of interest at present.
The remaining 13 skeletal frequencies were therefore used for determining the 
eight force constant parameters shown below.
0 -C a Kb
O-C-O Kfl, Kbb', Kb0
H -(C -0 )-0  K00'
0 -(C -H )-0  K0 0'
C—O—C—O  V 3 , K0 0 '<j)
On optimisation, the Kb value for the 0 -C a bond remained close to the initial 
estimated value (Kb for a standard ether O-C bond) and was therefore set to the
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same value (104.1 kcal/mol). Another three parameters - the cross term force con­
stants Kbb' and Kb0 for the O-C-O unit,, and K00' for the H -(C -0 )-0  angle-angle 
interaction - were found to have little effect on any of the vibrational frequencies of 
trioxane, and were therefore set to zero values. The remaining four parameters - 
0 -C -0 (K b), C—O—G—O (V3  & K00 '(j() and O-(C-H)—10(K00/) - were assigned values by 
a least-squares optimisation to the trioxane frequencies. (Parameter values are given 
in Appendix I.)
Table 7.5 Comparison of Calculated and Experimental 
Vibrational Frequencies of 1,3,5-Trioxane (cm-1).
Symm. Calc. Expt. Devn.
A1 2970 2853 117
E 2962 3027 -65
E 2901 2850 51
A1 2899 2789 1 1 0
E 1479 1478 1
A, 1478 1495 -17
E 1422 1409 13
a2 1387 - -
E 1293 1305 - 1 2
a2 1247 - -
Ai 1227 1235 - 8
E 1172 1174 - 2
a2 1128 - -
E 1082 1069 13
A1 964 975 - 1 1
E 922 945 -23
A1 735 752 -17
E 573 525 48
A1 470 467 3
E 302 301 1
Experimental data are average values taken from ref­
erences 36 , 37 , 38 & 39
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A comparison between the calculated and experimental frequencies is made in 
Table 7.5. Several vibrational analyses of trioxane have been made,3 6 "3 9  all in gener­
ally close agreement, and we have used an average of the frequency values from 
these studies for our comparison. The four C-H stretching frequencies show the 
largest deviations, and this may be due to the anomeric effect causing slight changes 
in the hybridisation of the carbon atoms. The environment of these C-H bonds is 
therefore different from those in alkanes and simple ethers, and the parameters for 
these bonds must be considered at the limits of transferability.
The 13 skeletal vibrations (those other than the C-H stretches i.e. below 2000 
cm-1) were the ones used in the parameter optimisation and are by contrast excel­
lently reproduced. The average deviation for these was only 13.0 cm-1, with a maxi­
mum deviation of 48 cm-1.
7.7 Application to Other Acetals
7.7.1 Geometries
Apart from dimethoxymethane, discussed above, there are very few gas phase struc­
tural determinations of other acetals. We found only four: 1,3-dioxane, 1,3,5-trioxane, 
paraldehyde and 2,2-dimethoxypropane. Table 7.6 shows the calculated geometries 
for these molecules and compares them with experimental values. (The structures of
1.3-Dioxane and Paraldehyde are given in Appendix III.)
1.3-Dioxane. The electron diffraction (ra) structure for this molecule is poorly deter­
mined, having very large experimental uncertainties.4 0  Our calculated geometry is 
generally found to deviate by less than the standard deviation values, which are par­
ticularly large for the bond lengths (between 0.009 and 0.028 A). The electron
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T a b le  7 .6  C om parison  o f E xpe rim en ta l and C a lcu la ted  A ce ta l M o le cu la r G eom e tries*
C om pound In te rna l C a lc .6c E xp t.c D iff.* R eference
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c -o
















a  B ond  leng ths  a re  in A, B ond  ang les  in deg rees .
b V a lues  in italics ind ica te  th e  in te rna ls  w h ich  a re  a ssu m e d  in th e  e xpe rim en ta l m ode l to
be  e q u iva le n t th ro u g h o u t th e  m o lecu le  (e.g. all C -H  le n g th s  in P a ra ldehyde  w ere  a s ­
su m e d  to  be  equa l42 ). T he  app rop ria te  ca lcu la ted  v a lu e s  a re  ave ra g e d  to  fa c ilita te
co m parison .
c E xp e rim en ta l va lu e s  a re  de rived  fro m  gas phase  e le c tro n  d iffra c tio n  da ta . 
d D iff = C a lc  - Exptl
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diffraction data for 1 ,3-dioxane was interpreted as having two very different C-O bond 
lengths (1.393 and 1.439 A). However, in the optimisation of the geometry to the 
electron diffraction data, the two C-O bond lengths were found to be very highly 
correlated (0.997) and the exact values of these bond lengths must therefore be in 
some doubt. A similar problem was discussed for dimethoxymethane (Section 7.6.1) 
and as in that case, only the average C-O bond can be treated as an observable. 
Taking the average C-O bond lengths, the experiment and the calculation are now in 
good agreement at 1.416 A and 1.414 A respectively.
1,3,5-Trioxane. Two gas phase determinations have been made for this molecule, 
one electron diffraction (rg ) 4 1 and one microwave.4 4  We generally prefer to use elect­
ron diffraction results (see Chapter 2) and have chosen the rg geometry for compari­
son here. Table 7.6 shows the C-O bond lengths to be reasonably well reproduced, 
as is the rest of the structure with the exception of the C-O-C valence angle.
Paraldehyde. This molecule is also known as 2,4,6-trimethyl-trioxane, and is structu­
rally very similar to trioxane. An electron diffraction geometry has been determined 4 2  
which is found to be in reasonable agreement with our calculated structure in all 
cases except the C-C bond length. The experimentally determined value for this 
bond length is exceptionally short, even allowing for possible distortions of geometry 
caused at an anomeric centre. The experimental C-C bond length may, in our opin­
ion, be at fault: x-ray data for an analogous compound to paraldehyde, 2,4,6-tricy- 
clohexyKrloxane shows no such bond shortening; the C-C bond length in that case 
being 1.540 A. 4 5
2,2-Dimethoxypropane.Th\s molecule is structurally similar to dimethoxymethane, but 
has methyls on the central carbon rather than hydrogens. The average calculated
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C - O  b o n d  le n g th  is c lo s e  to  th e  e x p e r im e n ta l v a lu e , b u t g e n e ra lly  th e  re m a in d e r  o f 
th e  g e o m e try  o f th is  m o le c u le  is  p o o r ly  re p ro d u c e d . In p a rtic u la r, th e  C - O - C  a n g le s  
w e re  8 .1 ' la rg e r  th a n  th e  e x p e r im e n ta lly  d e te rm in e d  v a lu e s . ( C - O - C  a n g le s  re p re ­
s e n t a  p ro b le m  fo r  v a le n c e  fo rc e fie ld s  in g e n e ra l, a n d  th is  w a s  d is c u s s e d  in th e  p re v i­
o u s  c h a p te r .)  T h e  C - O - C  a n g le s  w e re  o p e n e d  b y  s tro n g  gauche  m e th y l-m e th y l 
re p u ls io n s  o c c u rr in g  in th is  m o le c u le  th a t a re  n o t p re s e n t in  d im e th o x y m e th a n e .
T h e  M M 2 (8 2 ) fo rc e fie ld  a ls o  h a s  p ro b le m s  re p ro d u c in g  th e  g e o m e try  o f th is  m o le c u le , 
b u t fo r  th is  fo rc e fie ld  th e  p ro b le m  lie s  in th e  O - C - O  a n g le , w h ic h  is  o v e re s t im a te d  b y
7.7.2 Conformational and Configurational Energies
B e c a u s e  o f w id e s p re a d  in te re s t in th e  a n o m e r ic  e ffe c t, m a n y  c o n fo rm a tio n a l a n a ly s e s  
fo r  a c e ta ls  h a v e  b e e n  u n d e rta k e n , b o th  e x p e r im e n ta lly  a n d  th e o re tic a lly . M o s t o f 
th e s e  s tu d ie s  h a v e  te n d e d  to  fo c u s  on  c y c lic  a c e ta ls , p a r t ly  b e c a u s e  o f th e  im p o r ­
ta n c e  o f th e  a n o m e r ic  e ffe c t in p y ra n o s e  a n d  fu ra n o s e  r in g s , b u t a ls o  b e c a u s e  c y c lic  
s y s te m s  g e n e ra lly  h a v e  fe w e r  a v a ila b le  c o n fo rm a tio n s  a n d  a re  th e re fo re  e a s ie r  to  
a n a ly s e .
E n e rg y  d if fe re n c e s  a re  g e n e ra lly  d e te rm in e d  b y  p o p u la t io n  s tu d ie s  o f th e  e q u ilib ­
r iu m  b e tw e e n  c o n fo rm a tio n s  (o r c o n fig u ra t io n s ) . In m o s t c a s e s , th e s e  p o p u la t io n  s tu ­




Dimethoxymethane 2,2-D im ethoxypropane
7 .8 ‘ .4
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u s e d  c a n  h a v e  a  la rg e  e ffe c t o n  th e  p o s itio n  o f th e  e q u ilib r iu m  a n d  th e  re s u lt in g  
e n e rg y  d if fe re n c e s .46-47 A s  d is c u s s e d  in C h a p te r  2, fo r  th e  p u rp o s e s  o f c o m p a r is o n  
w ith  o u r  c a lc u la te d  e n e rg y  d if fe re n c e s , e x p e r im e n ta l d a ta  s h o u ld  id e a lly  re la te  to  
e n e rg y  d if fe re n c e s  in d ilu te , n o n -p o la r  s o lu tio n s , w h e re  s o lv e n t e f fe c ts  w ill b e  m in im ­
ise d .
T h e  c a lc u la te d  a n d  e x p e r im e n ta l e n e rg y  d if fe re n c e s  fo r  a  ra n g e  o f a c e ta ls  is d is ­
c u s s e d  b e lo w .
2-M ethoxytetrahydropyran. T h e  a x ia l-e q u a to r ia l e n e rg y  d if fe re n c e  fo r  th is  m o le c u le  
h a s  re c e iv e d  a  g re a t d e a l o f a tte n tio n  b e c a u s e  it is  th e  m o s t b a s ic  m o d e l fo r  th e  s tu d y  
o f th e  a n o m e r ic  e ffe c t in p y ra n o s e  r in g s . E a rly  re s u lts  in d ic a te d  th e  a x ia l-e q u a to r ia l 
e n e rg y  d if fe re n c e  in n o n -p o la r  s o lv e n ts  to  be  a b o u t -1 k c a l/m o l ( i.e  in  fa v o u r  o f th e  
a x ia l c o n fo rm e r) .48-46
o c h 3
/ ^ o ^ o c h 3 ^
equatorial axial
In m o re  re c e n t e x p e r im e n ts  b y  B o o th ,49' 51 h o w e v e r, re s u lts  s e e m e d  to  in d ic a te  th a t 
th e  e n th a lp y  d if fe re n c e  b e tw e e n  th e  tw o  c o n fo rm e rs  w a s  a b o u t z e ro , w h ile  th e  p re fe r ­
e n c e  fo r  th e  a x ia l c o n fo rm e r  w a s  d u e  to  e n tro p ic  e ffe c ts . B o o th  c a r r ie d  o u t h is  e x p e r i­
m e n ts  u s in g  v a r ia b le  te m p e ra tu re  N M R  w ith  a  C F C I3/C D C I3 (8 5 :1 5 )  s o lv e n t m ix tu re ; 
a n d  in th e  lig h t o f fu r th e r  w o rk  b y  L e m ie u x , it s e e m s  lik e ly  th a t th is  c h o ic e  o f s o lv e n t 
m a y  be  p a r t ly  re s p o n s ib le  fo r  th e s e  re s u lts . P ro m p te d  b y  B o o th ’s  re s u lts , L e m ie u x  
s tu d ie d  th e  e ffe c ts  o f d if fe re n t s o lv e n ts  on  th e  a x ia l/e q u a to r ia l e q u ilib r iu m  fo r
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2 -m e th o x y te tra h y d ro p y ra n , a n d  fo u n d  th a t th e  p re fe re n c e  fo r  th e  a x ia l fo rm  w a s  fa r  
le ss  p ro n o u n c e d  in p o la r  s o lv e n ts , e s p e c ia l ly  th o s e  th a t h a d  p o la r  h y d ro g e n s  (o r  d e u ­
te r iu m s , like  CDCI3 ) th a t c o u ld  fo rm  h y d ro g e n  b o n d s .52 In n o n -p o la r  s o lv e n ts  
(CCI4 /C 6 D6) L e m ie u x  o b ta in e d  a  A H e q ^  v a lu e  o f -0 .8  k c a l/m o l (in  c lo s e r  a g re e m e n t 
w ith  th e  e a r ly  e x p e r im e n ts 48 ) a n d  e s t im a te d  th e  e n th a lp y  d if fe re n c e  fo r  th e  is o la te d  
m o le c u le  to  be  a b o u t -1 k c a l/m o l.
U s in g  o u r  fo rc e fie ld , w e  c a lc u la te  an  a x ia l-e q u a to r ia l e n e rg y  d if fe re n c e  o f -1 .0 6  
k c a l/m o l, in e x c e lle n t a g re e m e n t w ith  b o th  L e m ie u x ’s  re s u lts  a n d  th e  e a r lie r  o n e s  o f 
de  H o o g  et a /.48 O th e r  c o m p u ta tio n a l m e th o d s  a ls o  g iv e  s im ila r  v a lu e s ; ab initio c a l­
c u la tio n s  u s in g  th e  6 -3 1 G* b a s is  s e t g iv e  a n  e n e rg y  d if fe re n c e  o f -1 .3 3  k c a l/m o l,7 
w h ile  th e  M M 2 (8 2 ) fo rc e fie ld  g iv e s  a  v a lu e  o f -1 .1 7  k c a l/m o l 4
cis- an d  trans- 2-M ethoxy-4-m ethyltetrahydropyran. T h e  re la t iv e  e n e rg ie s  o f th e s e  
tw o  c o n fig u ra t io n s  w e re  s tu d ie d  b y  e q u ilib ra t io n  in C C I4 in th e  p re s e n c e  o f m in e ra l 
a c id  47 T h e  re la tiv e  p ro p o r t io n s  o f e a c h  c o n f ig u ra t io n  w a s  th e n  e s ta b lis h e d  b y  g a s  
c h ro m a to g ra p h y  o f th e  m ix tu re , a n d  AGeq_»ax fo u n d  to  b e  -0 .8 3  k c a l/m o l. T h is  is  in 




cis- and  trans- 2-M ethoxy-6-m ethylte trahydropyran .The  A G eq_>ax v a lu e  fo r  th is  e q u i-
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l ib r iu m  w a s  s tu d ie d  b y  th e  s a m e  m e th o d  a s  th e  4 -m e th y l a n a lo g u e  (a b o v e ) .47
equatorial axial
T h e  e x p e r im e n ta l (AG eq_*ax) a n d  c a lc u la te d  (A E g q ^ x )  v a lu e s  a re  s im ila r  to  th o s e  fo r 
th e  4 -m e th y l a n a lo g u e , a t -0 .7 3  k c a l/m o l a n d  -1 .4 4  k c a l/m o l re s p e c tiv e ly .
2-M ethoxy-1 ,3 -d ioxane. T h is  m o le c u le  w a s  d e te rm in e d  fro m  d ip o le  m o m e n t m e a s u re ­
m e n ts  in b e n z e n e  to  fa v o u r  th e  a x ia l c o n fo rm a tio n  (A G g q ^ x  =  -0 .6 2  k c a l/m o l) .53 T h is  
is  to  b e  e x p e c te d  s in c e  it e x p e r ie n c e s  a  ‘d o u b le ’ a n o m e r ic  e f fe c t a s  th e re  a re  tw o  ring  
o x y g e n s  p re s e n t.
° c h 3
equatoria! axja|
T h e  c a lc u la te d  e n e rg y  d if fe re n c e  (-0 .8 5  k c a l/m o l)  is in g o o d  a g re e m e n t w ith  th e  
e x p e r im e n ta l v a lu e .
a ,(3 ,p -  an d  a , a , a -  2 ,4 ,6-Trim ethyl-1,3-dioxane. T h e  tw o  c o n f ig u ra t io n s  o f th is
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e q u ilib r iu m  a re  s h o w n  b e lo w . B e c a u s e  th e re  is  no  a n o m e r ic  e ffe c t fo r  th e s e  m o le ­
cu le s , th e  e q u ilib r iu m  is  g o v e rn e d  b y  n o rm a l s te r ic  e ffe c ts , a n d  th e  m o re  s ta b le  c o n f i­
g u ra t io n  is  th e  e q u a to r ia l ( a , a ,a )  fo rm . T h e  e x p e r im e n ta l v a lu e  fo r  A G e q -^ x  (d e te r ­
m in e d  in d ie th y le th e r  a t 2 5 'C )  is + 3 .9 8  k c a l/m o l.53 T h e  c a lc u la t io n  a ls o  s h o w s  th e  
e q u a to r ia l fo rm  to  be  th e  m o re  s ta b le , b u t th e  e n e rg y  d if fe re n c e  is s o m e w h a t s m a lle r  
(A E eq_*ax +2 .51  k c a l/m o l) .
a ,  a , a
[H +]
c h 3 < -------
equatoria l a x ja i
cis- a n d  trans- 1,8-Dioxadecalin. B e a u lie u  et al. s tu d ie d  th e  e q u ilib r iu m  b e tw e e n  
th e s e  tw o  c o n f ig u ra t io n s  in m e th a n o l, a n d  fo u n d  th e  cis:trans ra t io  a t ro o m  te m p e ra ­
tu re  to  b e  5 5 :4 5  54 A llo w in g  fo r  th e  tw o  e q u iv a le n t c o n fo rm a tio n s  o f th e  cis c o n f ig u ra ­
tio n  (A S = R T In 2 )  th e  A H ^ a p s .* ^  v a lu e  is  e s tim a te d  to  be  0 .3 0  k c a l/m o l.
[H +]
o Z j C *0
trans-1 ,8 -d ioxadeca lin  c is . 1 i8 .d i0xadeca lin
C o n tra ry  to  e x p e r im e n t, h o w e v e r, th e  c a lc u la t io n s  fo r  th e s e  m o le c u le s  in d ic a te  th e  cis 
fo rm  to  b e  th e  m o re  s ta b le  (b y  1 .2 5  k c a l/m o l) . T h is  d is c re p a n c y  m a y  b e  th e  re s u lt  o f
-  1 8 2  -
solvent effects occurring in the experiment. The trans form is calculated to have a a 
higher dipole moment than the cis (3.8 D versus 2.8 D) and may therefore be stabil­
ised more in methanol. This argument concurs with the results of Lemieux, which 
showed that polar solvents reduced the preference for the axial form of 2 -metho*y- 
tetrahydropyran.5 2
Hydrogen bonding may also play a part in this equilibrium. The folded shape of 
the cis form may restrict the number of methanol molecules that could solvate the 
oxygen atoms. Since hydrogen bond energies are in the range 4-5 kcal/mol, effects 
like this would have a marked influence on energy differences of this size.
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The forcefield described in this thesis has in most respects been demonstrated to ful­
fil the original objectives: that is, to reproduce the structural and energetic aspects of 
molecular behaviour for a range of carbohydrate model compounds.
Problems encountered in deriving the forcefield originated mainly from the 1,4 
interactions. These are the interactions between atoms separated by three bonds. In 
hydrocarbons, 1,4 interactions could be represented sufficiently well by considering 
the non-bond terms between atoms 1 and 4, and a threefold torsional term. However, 
the introduction of oxygen atoms has meant that additional terms, in particular a one­
fold torsional term, are necessary to reproduce the orbital effects caused by the pres­
ence of the oxygen lone-pairs. An extreme example of these orbital effects is of 
course the anomeric effect, which also required the introduction of bond-torsion cross 
terms (Chapter 7). We foresee that 1,4 interactions will be a recurring problem when 
forcefields are being developed for new classes of compounds, since they represent 
something of a ‘halfway house’ between pure non-bond and bonded interactions.
In alcohols, difficulties with 1,4 interactions were compounded by the neglect of 
van der Waals effects for hydroxyl hydrogens. While this gives reasonable results for 
hydrogen bonded crystals (Chapter 5), it probably contributed to the necessity for 
additional parameters to reproduce the rotameric energies and C-O bond lengths in 
alcohols (Chapter 6 ). Because of the importance of hydrogen bonding in carbohy­
drate conformation, the treatment of the non-bond interactions of hydroxyl hydrogens 
may benefit from further study.
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Future Applications
T h e  w o rk  p re s e n te d  in th is  th e s is  c o v e rs  o n ly  th e  d e r iv a tio n  o f a  c a rb o h y d ra te  fo rc e ­
fie ld . A lth o u g h  a ll the  p a ra m e te rs  n e c e s s a ry  fo r  m o d e llin g  s ta n d a rd  c a rb o h y d ra te s  
h a v e  b e e n  d e v e lo p e d , t im e  h a s  n o t p e rm it te d  th e  a p p lic a tio n  o f th e  fo rc e fie ld  to  a  rea l 
c a rb o h y d ra te  s y s te m .
T h e re  a re  m a n y  p o s s ib le  a p p lic a t io n s  fo r  a  c a rb o h y d ra te  fo rc e fie ld . O n e  in p a r­
t ic u la r  is  th e  d e r iv a tio n  o f ‘R a m a c h a n d ra n  M a p s ’ fo r  d is a c c h a r id e  l in k a g e s , s im ila r  to  
th o s e  o fte n  u s e d  to  ra t io n a lis e  p e p tid e  c o n fo rm a tio n .1 A n  a m in o  a c id  re s id u e  in a  
p e p tid e  c h a in  h a s  b a s ic a lly  tw o  c o n fo rm a tio n a l d e g re e s  o f f re e d o m  - in te rn a l ro ta tio n  
a b o u t (J) a n d  y  (s in c e  th e  a m id e  b o n d , co, is  f ix e d  d u e  to  its  d o u b le  b o n d  c h a ra c te r) . 
T h e  c o n fo rm a tio n a l e n e rg y  o f a n  a m in o  a c id  re s id u e  ca n  th e re fo re  b e  c o n v e n ie n t ly  
d is p la y e d  a s  a  c o n to u r  m a p  w ith  a x e s  <j) a n d  \j/. (c f. F ig u re  7 .7 (a ) , p .1 7 0 ).
amino acid residue disaccharide linkage
S im ila r  m a p s  m a y  be  c o n s tru c te d  to  h e lp  in  u n d e rs ta n d in g  p o ly s a c c h a r id e  c o n fo rm a ­
tio n . F le x ib il ity  in p o ly s a c c h a r id e s  s te m s  fro m  th e  g ly c o s id ic  l in k a g e s , s in c e  th e  
p y ra n o s e  r in g s  a re  re la t iv e ly  r ig id  ‘c h a irs ’ . E a c h  g ly c o s id ic  l in k a g e  h a s  tw o  c o n fo rm a ­
t io n a l d e g re e s  o f f re e d o m , <j> a n d  \\f, a n d  l in k a g e s  b e tw e e n  d if fe re n t p y ra n o s e  re s id u e s  
w ill th e re fo re  s h o w  p re fe re n c e s  fo r  d if fe re n t v a lu e s . R a m a c h a n d ra n  m a p s  m a y  
th e re fo re  b e  c a lc u la te d  u s in g  th e  n e w  fo rc e f ie ld  fo r  c o m m o n ly  o c c u rr in g  d is a c c h a r id e  
l in k a g e s .
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Another interesting application of the forcefield would be in the study of a series 
of oligosaccharide plant hormones (the ‘oligosaccharins’) identified by Albersheim and 
Darvill. 2  A range of heptaglucosides (saccharides consisting of seven glucose resi­
dues) were found to have different activities depending on how the saccharide chain 
was branched. The new forcefield could be used, in conjunction with molecular 
dynamics, to study the likely conformations of these heptaglucosides in order to throw 
some light on their structure-activity relationships.
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Atom Type Description Default Type Rel. Mass
C General tetravalent carbon atom None 1 2
Ca Anomeric carbon atom (tetravalent 
carbon atom bonded to two or more 
oxygens)
C 1 2
c6 Tetravalent carbon atom in a six- 
membered ring
C 1 2
0 Ether oxygen atom None 16
0H Hydroxyl oxygen atom 0 16
H Aliphatic hydrogen atom None 1
Ho Hydroxyl hydrogen atom H 1
The above table gives the seven atom types used in the forcefield. The following 
tables give the forcefield parameters; if no parameter is specified for a particular atom 
type, then the equivalent parameter for the default atom type (above) is used. (For 
example, there are no specific parameter values for a Ca-H  bond, and so the param­
eters for the C-H bond are used.)
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Bond Parameters
Bond Kb b0 a
C-H 108.6 1.105 1.771
C-C 8 8 . 0 1.528 1.915
Cg—Cg 8 8 . 0 1.504 1.915
Ca—C6 8 8 . 0 1.504 1.915
C-O 104.1 1.409 1.915
Cg—0 104.1 1.390 1.915
C -0 H 104.1 1.424 1.915
Ca-O 104.1 1.381 1.915
Oh-H q 104.0 0.943 2.280
Angle Parameters
Angle fcKe 0 o Kbb' Kbe Kb'e
H-C-H 39.5 106.4 0 . 0 0 . 0 0 . 0
H-C-C 44.0 1 1 0 . 0 0 . 0 0 . 0 25.0
C-C-C 31.8 113.0 16.25 0 . 0 0 . 0
H-C-O 58.4 1 1 0 . 0 0 . 0 0 . 0 27.7
O-C-O 72.2 108.5 0 . 0 0 . 0 0 . 0
C-C-O 56.3 113.0 16.25 0 . 0  • 0 . 0
C-O-C 50.2 104.0 16.25 0 . 0 0 . 0
C-O-H 55.1 106.4 0 . 0 32.0 0 . 0
For the angle A-B-C; b represents the length of A-B, and b' the length of B-C 
Torsion Parameters
Torsion Vi v 2 V3 Kee'<t, -e--Q
*
Kb'<f>
c-c-c-c 0 . 0 0 . 0 0.304 0 . 0 0 . 0 0 . 0
C-C-C-H 0 . 0 0 . 0 0.126 -8 . 1 0 . 0 0 . 0
C-C-C-O -0.89 0 . 0 0.304 0 . 0 0 . 0 0 . 0
H-C-C-H 0 . 0 0 . 0 0.134 -13.4 0 . 0 0 . 0
H -C -C -0 0 . 0 0 . 0 0.247 -17.5 0 . 0 0 . 0
O-C-C-O -3.55 0 . 0 1.069 0 . 0 0 . 0 0 . 0
H-C-O-C 0 . 0 0 . 0 0.218 -2 1 . 1 0 . 0 0 . 0
C-C-O-C 0 . 0 0 . 0 0.304 -9.1 0 . 0 0 . 0
O -C-O -C -0.70 0 . 0 1.360 -15.0 3.76 6.97
O-C-O-H -0.70 0 . 0 1.360 -15.0 3.76 6.97
H-C-O-H 0 . 0 0 . 0 0.165 -14.6 0 . 0 0 . 0
C-C-O-H 1 . 0 0 . 0 0.304 0 . 0 0 . 0 0 . 0
For the torsion A-B-C-D ; b represents the length of B-C, and b' the length of A-B
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Angle-Angle Cross Term Parameters
Angle-Angle3 Kee'
C-(C-C)-C -7.9
H-(C-H)-H 0 . 0
H-{C-H)-C 0 . 0
H-(C-C)-H -7.9
H-(C-C)-C -7.9
C-{C-H)-C 0 . 0
H -(C -0)-H -4.6
H -(C -H )-0 4.5
H -(C -C )-0 -7.9
H -(C -0)-C -7.9
C -(C -H )-0 11.4
G—{C—C)—0 -7.9
C -(C -0)-C -7.9
0 -(C -H )-0 19.0
H -(C -0 )-0 0 . 0
0 -(C -C )-0 -7.9
C-<C-0)-0 -7.9
0 - (C -0 ) -0 -7.9
a The notation A-(B-C)-D represents the
cross term between angles A-B -C  and
C-B-D.
Non-Bond Parameters
Atom Type r#ii eii di
C 4.35 0.039 a
0 3.21 0.228 -0.38
H 2.75 0.038 +0 . 1 0
Ho 0 0 +0.35
a Partial charges on C atoms are calculated from: 
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F igure  3
R o t a t i o n a l  B a r r i e r  f o r  2 - M e t h y l b u t a n e  ( H - C 2 - C 3 - C 4 )
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R o ta t io n a l  B a r r i e r  f o r  Ethanol (C-C-O-H) Vl=> 1.00
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R o ta t io n a l  B a r r i e r  f o r  i -P ropano l  (H-C-O-H) Vl= 1.00
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HH
H
Tetrahydrofuran Tetrahydropyran
